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Abstract 
Metallic materials have gained much attention recently from the areas of medical 
devices and orthopaedics. Artificial organs, dental implants, prostheses and implants 
that replace damaged or malfunctioning parts in the body are, or contain, metal 
components. Our ageing society poses an increased demand to provide devices and 
implants that can demonstrate better performance than those presented by traditional 
solutions. Matching the mechanical properties (i.e. stiffness and strength) of the device 
to those of the host tissue is a major challenge for the design and manufacture of 
engineered metal materials for biomedical applications. Failure in doing so provokes 
implant loosening, patient discomfort and repeated surgeries. Therefore, tailoring 
physical properties and biocompatibility of those materials is the main final aim of this 
research programme.  
This PhD study has focused on the tailoring of the mechanical properties of titanium-
based materials and titanium-based alloys. Titanium inertness and the selection of 
biocompatible alloying elements were set as the baseline. Two approaches were 
employed to decrease stiffness (i.e. Young’s modulus): one, by introducing porosity in 
a titanium matrix and therefore, reduce its Young’s modulus, and two, by designing 
and manufacturing beta-titanium-based alloys with a reduced Young’s modulus. 
Titanium scaffolds were manufactured using powder metallurgy with space holder 
technique and a sintering process. Different space holder sizes were used in four 
different categories to study the effect of pore size and porosity on the mechanical 
properties of the porosity engineered Ti scaffolds. Ti-based alloys were manufactured 
using manufacturing techniques such as sintering and arc-melting. The effect of 
different fabrication processes and the addition of beta-stabilising elements were 
studied and investigated.  
The obtained results of mechanical properties for pore size and porosity were within 
the values that match bone properties. This means these materials are suitable for 
biomedical application and the beta-Ti alloys results show that the mechanical 
properties can be decreased via tailoring the crystal structures.  The characterisation 
of the Ti-based alloys helps to develop this material for its use in biomedical 
application.  
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Chapter 1            Introduction 
1.1 Background 
Metallic materials have been used and developed for biomedical applications for 
decades. These include artificial organs, dental implants and orthopaedic prostheses 
implants that replace damaged or malfunctioning parts and tissues for the human body. 
Every year millions of people benefit from biomedical implants restoring functions or 
replacing decayed parts with great success (1). During the past few decades, metallic 
materials and applied material including stainless steel, chrome based alloys, niobium, 
tantalum, titanium and titanium alloys have been used in biomedical applications (2,3). 
In addition, improvements have been developed in mechanical properties of a large 
selection of biomedical materials such as good corrosion resistance, bio-adhesion and 
biocompatibility (4).  However, metallic bone implants are higher in density than 
natural bones. This presents negative consequences due to the difficulty of natural 
bone to grow again within artificial parts that are solid or very dense. Moreover, 
stiffness of metallic implants is much higher than that of bone tissue and this creates 
‘stress shielding’ at the bone tissue and implants interface which leads to cell migration 
in the long run and bone decay. As a result, there is an increased demand to provide 
implants that can demonstrate a better solution for the mentioned issues presented by 
traditional medical implants. 
Figure 1-1 shows scaffolds are used in regenerative medicine. The morphology and 
Young’s modulus of the fabricated biomaterial used as medical implants should be 
similar to those of natural bone and should be capable to adapt to any in vivo stresses 
and load applied on these implants (5,6). 
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Figure 1-1: Tissue Engineering (7) 
Scientific research is on with the aim to develop porous materials to replace solid 
implants. Tailoring physical properties and biocompatibility, porous metallic materials 
have been developed for orthopaedic applications (8,9). Examples of orthopaedic 
applications are: spinal fixation devices, fixation screws, and bone scaffolds (10,11).  
Metallic scaffolds (e.g. scaffolds and foams) have been improved with a structure 
similar to natural bone structure and closer values of mechanical properties (low 
Young’s modulus that emulates natural bones elasticity by achieving suitable stress 
properties). Their porous structure allows bone cells to regenerate into the substrate 
and recombine with the host tissue as shown in figure 1-1. On the contrary, non-
metallic porous material (including porous ceramics and polymers) are not strong 
enough to withstand typical physiological loads and are considered of weak 
mechanical properties. Therefore, implants fabricated with these types of material are 
generally only used for growing soft tissues and for padding bone decay (12).  On the 
other hand, for hard tissues such as hip joints implants much higher mechanical 
properties are required which render metals and alloys perfect for this application 
(13). In particular, Ti and its alloys are considered the most common preferred 
material due to their biocompatibility, corrosion resistance and strength-to-weight 
ratio (13). Elasticity of the metallic material is a major concern in medical implants 
because there is a mismatch between bone (10-30 GPa) and metallic implants (110 
GPa for Ti). Usually Young’s modulus for hard tissue is 10-20 times less than most of 
the metals and for that reason much research concerns reducing this value by 
increasing porosity in the material or decreasing Young’s modulus of elasticity by 
creating low-stiffness alloys (e.g. β-alloys). 
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1.2 Bone Structure and Mechanical Properties 
1.2.1 Bone Structure 
In a simplistic description bones are protein-based materials constructed of 
complicated vascular systems that give them the structural and biological 
multifunctionality they possess. However, there are two different types of bone tissue 
combined together to form the bone structure. The first type is cortical bone, which is 
higher in density and consists of channels with diameters of 10 to 500 µm. On the other 
hand, cancellous bone is the other type and contains more pores to create a network 
of canals with diameter range around 50-300 µm (14). There is a difference in between 
these two types of bones in density and porosity as shown in table 1-1.  
Table 1-1: Different types of bone (14) 
 Cortical bone Cancellous bone 
Porosity % 5-10 75-90 
Density g/cm^3 1.99 0.5-1.0 
 
Cortical and cancellous zones are adjacent and this makes it difficult to distinguish 
between these two types especially when porosity is less than 50%. In particular, 
cancellous bone can vary in fraction based on anatomy of the human or animal as in 
flying birds bones have a higher fraction of cancellous bone than in those of crawling 
animals (15). Cortical bones structure is constructed by regular and circular shaped 
holes while the structure of cancellous bones has irregular and complex shaped 
channels. From a chemical viewpoint bones contain around 99% of the calcium in the 
body. 
1.2.2 Bone Mechanical Properties 
There is a proportional relationship between bones structure and mechanical 
properties for the different types of bone tissues mentioned earlier. Scaffolds need to 
offer appropriate mechanical properties as well as support biological needs to be 
successful. Bones are anisotropic materials with a variation in mechanical properties 
depending on the anatomical location. It is very important to understand the structure 
and mechanical properties of bones (as shown in table 1-2) to manufacture a suitable 
and functional material implant to replace damaged bones. This can be porous or solid 
but has to match mechanical properties of the host tissue.  
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Table 1-2: Bones mechanical properties (14) 
 Cortical Cancellous 
     
Elastic Module (GPa) 10-30 0.1-10.4 
Compressive Strength 
(MPa) 
66-215 2-5 
 
1.3 Biomimetic Ti-based Scaffolds 
A Biomimetic material must meet the needs of a good structure and provide similar 
mechanical properties and architecture to that of bone. Biomechanical disparity of 
stiffness between the host tissue and the implants is considered a major problem in 
orthopaedic practice. This is because mechanical stress occurs in the area surrounding 
the implant and this result in weakening the area around the bone, so the implant goes 
loose. Solving this problem involves controlling load transfer and promoting bone 
regeneration. The key is in developing an implant with similar mechanical properties 
to that of host tissue, i.e. bone, and chemically non-toxic to cell regeneration.  
This can be achieved via two strategies: 
i) Introduce a porous structure in the Ti scaffolds that allows decreasing 
stiffness, i.e. Young’s modulus, to make it closer to that of human bones. 
ii) Create an alloy that has a dominant β-phase structure because this 
possesses a lower value for stiffness and, therefore, will provoke less 
mismatch on the host tissue. 
 
1.3.1 Porous Ti Materials. 
For several decades different types of porous materials (e.g. scaffolds, foams) have 
been developed including ceramic materials, polymeric and metallic materials (figure 
1-2) (16). Porous ceramic and polymeric materials have some disadvantages including 
brittleness for ceramic material and that cause them crack easily, and weakness of 
polymeric materials to resist mechanical load during implants. As results, porous 
metallic materials are preferred for their wide range of mechanical properties. 
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Figure 1-2: Bone ingrowth within implant scaffolds (16) 
 
A successful porous metal scaffold should have a suitable structure for a great 
performance as an orthopaedic material. Osteoblasts, the cells responsible for the 
growth of new bone, must be able to permeate the implant for bone ingrowth to take 
place, which is considered to be a key for successful fixation (16). Therefore, implant 
devices should be porous to have a size matching with osteoblasts’ size for great 
interconnection.  
1.3.2 Ti-based alloys with β-phase structure at room temperature. 
It is well-known that a Ti-alloy whose structure is beta possesses mechanical stiffness 
that is lower than that of HCP Ti. Therefore, if a Ti-based alloy could be designed and 
manufactured in such a way that it could be stable in its β phase at room temperature 
that would be a way of matching mechanical properties of the bone. 
1.4 Objective of This Study 
The main aim of this project is to develop Ti-based alloys and structures with 
mechanical properties (including Young’s modulus, strength and porous structure) 
similar to those of bone’s to be used in orthopaedic applications.  
This study is based on fabricating different samples via two different fabrication 
processes and using different parameters to study the effect of these manufacturing 
processes and parameters on the samples’ mechanical properties. In addition, the 
work includes producing samples with different porosity levels and pore sizes to 
match different bones mechanical properties.  
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1.5 Project Plan and Methodology 
This PhD thesis begins with a literature review (chapter2), which helps achieve a clear 
understanding of the aim and objective of this research, and helps identify different 
types of alloys used in medical implants. Several manufacturing techniques used to 
fabricate the medical implants alloys along with advantages and limitations of each 
process are also reported, as well as the effect of manufacturing parameters on this 
process. The techniques used to produce and characterise the samples are presented 
in chapter 3. 
The aim of this PhD research will be achieved through the following objectives: 
1) To select a fabrication process based on literature review to manufacture 
different samples with different porosities and pore sizes to achieve a better 
control over mechanical and microstructure of the samples (chapter 4). 
2) To compare two manufacturing process (namely sintering and arc-melting) and 
assess which crystal structures are achieved with the intention of creating a β-
titanium alloy stable at room temperature (chapter 5). 
3) To explore the impact of quenching after heat treatment at different 
temperatures with the intention of controlling transition temperatures for the 
Ti-alloys and modifying mechanical properties (chapter 5). 
4) To design and manufacture Ti-based alloys in order to control their crystal 
structure and therefore their mechanical properties by stabilising phases α’, 
α’+β, β and α’’ at room temperature (chapter 6). 
5) To perform mechanical testing (including nanoindentation) on each sample and 
measure Young’s modulus and yield strength and compare with bone’s 
mechanical properties. XRD scanning is conducted to study the crystal structure 
of samples and EDS for the sample elemental composition (chapters 4-6). 
6) To draw conclusion on the manufacturing process, porosity generation agent, 
heat treatment and other post-treatments to exert a good level of control over 
the mechanical properties of the specimens so that they can be reduced greatly 
and ideally match those of bone (cortical and trabecular) (chapters 7-8).  
A final chapter has been added which summarises steps forward for this research in 
order to continue working towards the main aim (chapter 9). 
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1.6 Contribution to Knowledge 
Through this PhD research it has been found out that mechanical properties of bone 
can be mimicked through the introduction of engineered porosity. The mechanical 
properties of both cortical and trabecular bone have been matched by controlling 
volumetric porosity. In addition to that, different pore sizes have been introduced, 
which allows all study of mechanical properties independently from pore size and 
therefore all optimisation for bioengineering purposes. 
This research has also found out that Ti-based alloys can be designed and 
manufactured to stabilise α’, α’+β, β and α’’ phases at room temperature and that way 
decrease the stiffness of the alloy but maintaining is strength. This has been achieved 
by controlling post-treatment processes, adjusting parameters of manufacturing 
processes such as temperature, pressure and thermal cycles, and adding β-stabilising 
alloying elements. The stabilisation of β and α’’ phases at room temperature is a major 
step towards decreasing mechanical properties in comparison to HCP-Ti and a step 
closer towards matching those properties of bone. 
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Chapter 2            Literature Review 
2.1 Introduction 
For several centuries, research has been active on materials that can be used for 
biomedical applications. A full understanding of the different mechanical, chemical and 
physical properties of different human tissues is required to develop an appropriate 
biomimetic material that can be used as a substitute. Titanium and its alloys is a good 
candidate given its inert nature, biocompatibility, lightweight, strength and low 
corrosion. As early 1940s is the beginnings of Ti alloys employed in orthopaedic 
applications because Ti alloys helped reducing recovery time and rehabilitation, and 
increased patients’ comfortability with implants (17). This chapter will cover a 
literature review on titanium alloys as biomedical material and the mechanical 
properties of these alloys. It will continue with a survey on manufacturing techniques 
which will be split in two sections, one to fabricate solid materials and the other to 
induce porosity in structures that can be used for bioengineering application. 
2.2 Titanium and its Alloying Elements 
The main allotropic forms of titanium in pure form are hexagonal closed-packed 
structure (HCP) and body-centred cubic (BCC) as shown in figure 2-1.  Therefore, 
titanium is polymorphic: at room temperature the stable titanium phase is (α ) phase 
(HCP) crystal structure, however, if temperature of titanium is increased above 882 ◦C 
Titanium transform to (β) phase (BCC) crystal structure.  This temperature is known 
as transus temperature. The transus temperature of titanium can vary and the purity 
of titanium affects it.  
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Figure 2-1: Cell crystal structure both alphe and beta phase (18) 
Ti alloys formation is complex given the effect of the alloying elements added to the 
mixture and the heat-treatment of the samples during the fabrication process as shown 
in figure 2-2.  
 
Figure 2-2: Phase diagram of Ti (19,20) 
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Usually Ti alloys are classified into three different groups α, β, α+β based on the effect 
of amount of the mixing elements added to the alloys, as shown in figure 2-3. These 
elements are categorised to be: (i) α stabilizer elements which increase the transition 
temperature of Ti, and (ii) β stabilizing elements that decrease the transition 
temperature. The majority of β stabilizing elements are considered to be body-centred 
cubic elements including Mo, V, Nb, Ta, Mn, Fe, Cr, Co, Ni, and Cu. However, some 
interstitial and substitutional elements like Al, Ga, Ge and Sn are employed as α 
stabilizing element. 
 
Figure 2-3: Different alloying elements and their effect on titanium alloy phase (18) 
Table 2-1 presents some Ti properties compared to other common metallic elements. 
Table 2-1: Titanium characteristics compared with other elements (18) 
 Ti Fe Ni Al 
Melting Temperature ᵒC 1670 1538 1455 660 
Allotropic Transformation Β 822C        α γ 912C        α - - 
Crystal Structure bcc          hex fcc          bcc fcc fcc 
E (GPa) at room temperature 115 215 200 72 
Yield Stress level (MPa) 1000 1000 1000 500 
Density (g/cm3) 4.5 7.9 8.9 2.7 
Comparative Corrosion Resistance Very High Low Medium High 
Comparative Reactivity with Oxygen Very High Low Low High 
Comparative Price of Metal Very High Low High Medium 
 
The different stabilising elements used in this study included Sn, Ta, Mo and Nb. These 
elements were selected based on their effect on phase transformation and 
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superelasticity of each alloy. The influence of these alloying elements on thermos-
mechanical properties has seen some references in literature.  
With regards to Sn, this has a significant effect on the superelasticity with increase in 
Sn content the super elasticity will decrease (21). Also transformation temperature 
decrease when the Sn content has increased (21,22). Figure (2-4) shows the effect of 
Sn content on the Ti-16Nb-(4-5) Sn alloys. 
 
Figure 2-4:Effect of Sn content on transforamtion temperature (21) 
 
As for each 1% Sn content increase in the range of 4-5%, the transformation 
temperature with decrease around 150K.  In addition, Sn reduces the elastic modulus 
as it does not halt the formation of the β phase within the sample (23) as shown in 
figure (2-5). 
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Figure 2-5: Sn addition effect on elastic modulus and microhardness (23) 
Increasing the Ta content has an effect on the phase structure of the binary Ti alloy 
(24). In that study, when Ta increased up to 60% the formed phase within the alloy 
was the β+ α’’ phase. Whereas if the Ta content increased above 60%, it showed only β 
phase present in the alloys. The phase structure for the Ti-Ta alloy was not 
recrystallized completely when Ta content percent increased to 70 and 80%. Table (2-
2) shows the crystal structure and phase combination when Ta increased within the Ti 
alloy, reported by the study. 
Table 2-2:Ta content effect on Ti alloys phase structure (24) 
Ta content (%) Formed Phase Morphology 
10-20 α’ Lamellar 
30-50 α’’ Needle-like 
60 β + α’’ Equiaxed β+ Needle-like α’’ 
70-80 β Equiaxed β+unrecrystallized structure 
 
Kim.H.Y et al. (25) have found that if Ta content increased in the ternary alloy Ti-Nb-
Ta by 1 at%  the Ms decreased about 30K. As they increased Ta content within the range 
0-8at%, the Ms temperature decreased with the increase of the Ta content as shown in 
figure (2-6). However, the strength of the alloys decreased with the addition of Ta up 
to 4% then increased again when the Ta content percent increased up to 8%. 
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Figure 2-6: Ta content added to Ti-22Nb-(0-8) Ta alloys (25) 
The binary Ti-Mo phase structure has a sensitive respond to the addition of Mo: the α’ 
phase was the only phase with pure Ti while adding 3.2at% of Mo a small peak of α’’ 
phase was present (26). Increasing Mo content to 4.5% resulted in the phase detected 
in  the alloy to be α’’ phase and if the Mo percent increased to 6 and 7% both β and ω  
phase were observed in the XRD profile. Table (2-3) summarizes the Mo content 
addition with the phase structure of the Ti alloys. 
Table 2-3: Mo content effect on Ti alloys phase structure (26) 
Mo content (%) Formed Phase Crystal structure 
0 α’ Hexagonal 
3.2 α’’ Orthorhombic 
4.5 α’’+ ω Orthorhombic+ hcp 
6 β + ω Bcc+ hcp 
7 β + ω Bcc+ hcp 
8-12 β Bcc 
 
Besides that, the elastic modulus decreased with the addition of Mo content compared 
to pure Ti. When Mo was added within the range 0-12at% the highest elastic modulus 
reached was when Mo at 6% and the lowest when Mo at 8%, as shown in figure (2-7). 
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Figure 2-7: Effect of Mo addition on elastic modulus (26) 
Decreasing the Nb content below 25.5 at% in the binary Ti-Nb  alloys will increase the 
martensitic transformation temperature (Ms) higher than  room temperature (25,27). 
During the cooling process the Ti-Nb alloys exhibit a martensitic transformation from 
β with bcc structure to α’’ phase with a C-centreed structure (27). Ping D.H et al. (28) 
have found in their study that quenching Ti-Nb alloys results in forming a martensitic 
α’ phase with a hcp structure with Nb content up to 12 wt.%. However, if Nb content 
increased beyond that value, the α’ phase would transform to orthorhombic α’’ phase. 
Bonisch M. et al. (29) have studied the phase transformation of seven different Ti-Nb 
alloys with Nb content in the range of 14 to 29 wt%. They found that alloys with <24 
wt% Nb behave in the same way regardless of phase transformation at heating, as α 
phase transforms into β phase. While Ti-Nb alloys with >24 wt% Nb showed different 
transformation behaviour as α’’ phase transformed into unstable β phase. Furthermore, 
DSC results on cooling have shown that Ti-Nb alloys with Nb content >21 wt% have 
phase transformation from single β phase to α’’ phase. Figure (2-8) shows the DSC 
results for all Ti-Nb alloys on heating and cooling. 
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Figure 2-8: DSC results during heating and cooling (29) 
2.3 Titanium –Based Alloys and Their Application as 
Orthopaedic and Medical Devices 
In general choosing a material for orthopaedic application raises several issues and 
points that are to be investigated. Important issues for biomedical application are: 
biocompatibility, adaptation to host tissue without rejection, as well as high wear 
resistance and anticorrosion features. For bio-medical application it is very important 
to find material with good mechanical properties (i.e. elastic modulus and strength) 
and β-Ti alloys are considered as promising alloys (25,30-32).  Moreover, the 
nominated material should be easy to manipulate and fabricate to any shape required 
to replace different orthopaedic application with minimum cost. Lightweight and high 
stiffness and strength properties place Titanium (Ti) at the top of the orthopaedic 
material desirable materials list, since this element exhibits these two crucial 
properties. Alloys including Ti-6Al-4V and NiTi were used in orthopaedics applications 
widely in the past because of their behaviour with regards to mechanical properties 
and high corrosion resistance but scientists are worried of some elements such as 
Aluminium (Al), Vanadium (V) and Nickel (Ni) producing toxic ions and leaching them 
to the blood stream (21). Under these circumstances, new different Ti alloys found in 
the last few years have been adopted as orthopaedic implants. For example, Ti-Nb-Ta-
Zr (33), Ti-Zr-Nb (34), Ti-Zr-Nb-Ta-Pd (35), Ti-Al-Nb and Ti-Al-Nb-Ta (36), Ti-Ni-Ta 
(37) and Ti-Sn-Nb (38) are present in orthopaedic applications as shown in table 2-4.  
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These Ti-based alloys are β-phase containing and are capable of reducing mechanical 
stiffness mismatch maintaining a good level of strength. In addition, their martensitic 
transformation temperature can be modified. This permits that the β-phase can be 
stabilised at temperature lower than the β transus.  
Table 2-4: Titanium alloys for biomedical applications (1,33) 
Alloys Composition Microstructure type 
Pure Ti α 
Ti-6Al-4V ELI α+β  
Ti-6Al-4V α+β  
Ti-6Al-7Nb α+β  
Ti-5Al-2.5Fe α+β  
Ti-5Al-3Mo-4Zr α+β  
Ti-15Sn-4Nb-2Ta-0.2Pd α+β  
Ti-15Zr-4Nb-2Ta-0.2Pd α+β  
Ti-13Nb-13Zr Near β (low modulus) 
Ti-12Mo-6Zr-2Fe β (low modulus) 
Ti-15Mo β (low modulus) 
Ti-16Nb-10Hf β (low modulus) 
Ti-15Mo-5Zr-3Al β (low modulus) 
Ti-15Mo-2.8Nb-0.2Si-0.26O β (low modulus) 
Ti-35Nb-7Zr-5Ta β (low modulus) 
Ti-29Nb-13Ta-4.6Zr β (low modulus) 
Ti-40Ta, Ti-50Ta β (high corrosion resistance) 
 
2.4 Martensitic Phase Transformation 
Phase transformation is the change from one phase or more within an alloy to convert 
to another phase or different phases. Instability within the system or alloy at its 
primary state is the main reason for transformation. In HCP titanium and titanium 
alloys, the bcc β phase can be transformed to α phase martensitically or by growth 
process through the effect of alloy combination and the heating/cooling process. In 
addition, atoms shear movement is required within crystalic phase to achieve perfect 
transformation of bcc into hcp inside a specific volume. Martensitic phase transition is 
named after a German scientist Dr Adolf Martens when he described a transformation 
from cubic phase to orthorhombic phase, via a solid-to-solid transformation (14). 
One explanation provided is through thermodynamic phase transformation, which 
depends on the Gibbs free energy function. When a constant temperature and constant 
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pressure are applied to develop a phase transformation in structure, then Gibbs free 
energy (g) informs about system stability. 
Gibbs free energy equation 
∆ܩ = ܩெ − ܩ஺ 2-1 
Where  
Gm is the martensite phase 
GA is the austenite phase 
 
Figure 2-9: Gibbs free energy for austenite and martensite (39) 
 
In figure 2-9, martensite start temperature (Ms), austenite start temperature (As), 
equilibrium temperature (T0) and temperature change (Ts)   with the change in Gibbs 
free energy are shown for martensite-austenite and austenite-martensite. This 
equilibrium temperature is applied since pressure is specified but for other pressures 
a significant change in equilibrium temperature is considered. 
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Figure 2-10: Thermal phase transformation path (40) 
Within a thermal phase transformation the Ti alloy usually is cooled during 
transformation from its final austenite phase reached then reheated to achieve its start 
temperature before transformation. This is, the sample is cooled to its martensite 
temperature then sample will start to transform until it will get stable on its new 
crystalic structure until it reach its final martensitic state. Then reheating sample in 
reverse, the samples austenite transformation start for certain range of temperature 
until it reach its final austenite temperature to recover its original crystalic structure 
as shown in figure 2-10 . 
2.5 Manufacturing Techniques for Titanium and Titanium Based 
Alloys 
In this section two different techniques to process Ti and Ti-alloys are surveyed. These 
include powder metallurgy and arc melting.  
2.5.1 Powder Metallurgy Technique (PM) 
Powder metallurgy technique is manufacturing technique to fabricate a material from 
elemental powders (41).  A simple and high effective technique, powder metallurgy 
has been adopted for different materials production including metals, ceramics, 
polymers and composites. The PM process consists of three stages: powder mixing, 
powder compaction and sintering. The first stage involves mixing different elemental 
powders of the proposed composition and then loading the mix into a milling machine. 
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The mixture is milled for a specified duration and a certain milling speed until the 
mixing powder is homogenised. Table 2-5 shows different alloys prepared with ball 
milling. There are different millings factors considered including milling containers, 
speed, time, process control agent, milling temperature and ball-to-powder ratio. 
Figure 2-11 shows a schematic of the powders particles crushed during collision with 
milling balls. 
Table 2-5:Different alloys prepared with ball milling 
Alloy Mill type & brand PCA (SA or 
EBS) 
Ratio Speed 
(rpm) 
Duration  
(h) 
Refere
nces 
Ti-10Nb-10Zr 
 
Planetary ball milling (PM 
400 Retsch) 
 1:2 100 4 (42) 
Ti–16Sn–4Nb 
 
Planetary ball milling (PM 
400 Retsch) 
 10:1 200 1, 10, 20 (43) 
Ti–16Sn–4Nb 
 
Planetary ball milling (PM 
400 Retsch) 
SA and EBS 
1,2 , 3 % 
10:1 200 5 (44) 
Ti-50.8Ni  UBM-4 mill  4:1 150 4 (45) 
Ti-22Nb-6Zr 
 
Planetary ball milling  10:1 100 16 (46) 
Ti-Mo Planetary ball mill  10:1 60 3 (47) 
Ti–46.5Al–
4.0(Cr,Nb,Ta,B)  
Fritsch 
P5 ball mill 
Cr- Steel Vial or WC vial 
Cyclohexane, 
SA and TiH2 
2.5:1 
to 16:1 
228 (S)25, 
(WC)10 
(48) 
Ti–10Si–5B and 
Ti–20Si–10B 
planetary Fritsch P-5 ball 
mill 
 10:1 300 
200 
10, 21 (49) 
Al-10.7 Ti High energy planetary ball 
mill 
Methyl 
alcohol 
238:10 80 (G) 60 (50) 
FeTi High energy planetary ball 
mill 
 13:1 150  (51) 
 
 
Figure 2-11: Powder particles crushed between milling balls (41) 
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The second stage is the compaction process of the mixture where the powder is 
pressed in a proper mould to a certain pressure to compress all particles together 
producing green bodies (compacted powder without heat treatment). Finally the 
sintering stage is where particles bond to each other due to the heating effect. This 
explains why axial compaction of powder before sintering stage improves the strength 
of green products by increasing particles’ contact areas. On the other hand, sintering 
increases density and strength and helps manufacturing a very low porosity product. 
There could be a final heat treatment stage to further homogenise the alloys.   
Powder metallurgy technique is considered most preferable technique to produce Ti 
and Ti-alloys due to low production cost and capability to fabricate new alloys with 
more control on microstructure compared to conventional techniques. 
2.5.2 Arc-Melting  
For a few decades arc-melting methods have been used as one of different fabrication 
techniques used in metals industry such as titanium and titanium alloys. The arc-
melting process is carried out under a vacuum or inert atmosphere as it is very 
important to prevent reaction between the metal and oxygen or nitrogen atoms. Since 
the electrode is the anode for this process, the water-cooled copper crucible is the 
cathode.  The applied arc is created between the electrode and the crucible to melt the 
compacted metal. Then, the molten metal is formed on a copper crucible after arc is 
stopped and the metal is solidified. Repeating arc-melting process helps homogenising 
the fabricated ingots. J.I. Kim et al. used arc-melting method to fabricate Ti-22Nb-(2-8) 
Zr (at %) ingots (52). The ingots were then cold-rolled to plates with 0.5 mm in 
thickness and then the plates were cut using electro-discharge machine (EDM). Al-Zain 
et al. (53) has fabricated Ti-27Nb and Ti-Nb-Mo alloys with different composition using 
arc-melting technique in Ar atmosphere. The manufactured ingots were then 
homogenized followed by cold rolling. In addition, Ti-35Nb-5Ta-7Zr alloy was 
fabricated using arc-melting method under Ar atmosphere by X.M. Ma et al. (54). The 
ingots homogenised at 1273 K for 86.4 ks and then solution heat-treated. W. Emay et 
al. has used arc-melting method to manufacture Ti-24Nb ingots (55). The fabricated 
ingots were subjected to a homogenisation at 1223K for 73ks then water quenched. 
After that the quenched samples were rolled at room temperature with 95% reduction. 
Table 2-6 shows some alloys examples fabricated with arc-melting. 
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Table 2-6: Ti-alloys fabricated by arc-melting method 
Alloy Alloying 
Process 
After process Cold 
Rolling 
(CR) 
Heat-treatment References 
Ti-(12-
28)Nb-(0-
4) Mo  
Ar arc-
melting 
Method for 
6 times 
Homogenized  at 
1273 K for 7.20ks 
(1000 C for 2 h) 
CR 98.5%, cut 
using EDM 
973K for 0.6 ks (700 C 
@ 10 mins) in Ar then 
quenched Water @ RT 
(32) 
Ti-35 Nb-
4Sn  
Ar arc-
melting 
Method  
(8.9 mm) 
Homogenized  at 
1423 K for 86.4ks 
(1150 C for 24 h) 
CR (1.4 mm-2 
mm-3.3 mm) 
Solution treated in 
quartz tubes 1223 K @ 
7.2 ks (950C for 2 h) 
quenched in Iced water 
(56) 
NA  
Ti-20Zr-
10Nb 
Ar arc-
melting 
Method for 
4 times 
sample w 
(1.5 kg) 
Cut into 5mm thick 
sealed in quartz tube 
and Homogenized  at 
900C for  2h then 
quenched in water 
CR 80% 
reduce from 
0.7% to 2.4 % 
per pass with 
velocity 25 
mm/s 
Heat treated in quartz 
tube 600, 700, 800C for 
0.5 h. then water 
quenching. 
(57) 
Ti-xTa-xSn Ar arc-
melting 
Method for 
6 times 
Sealed in quartz tube 
Homogenized  at 
1273 K for 7.20ks 
(1000 C for 2 h) 
CR 98%, 
specimen cut 
for different 
test using 
EDM 
Solution treated in Ar-
quartz tubes 1173 K @ 
1.8 ks (900C for 0.5 h) 
quenched in water 
(58) 
Ti-35Nb-
5Ta-7Zr 
Ar arc-
melting 
Method  
Homogenized  at 
1273 K for 86.4ks 
(1000 C for 24 h) 
then solution treated 
at 1273 K for 7.2ks 
(1000 C for 2 h) then 
water quenched 
Sample cut 
into pieces & 
some CR 
reduce 90% 
 (54) 
Ti-24Nb-
1Al  
Ar arc-
melting 
Method 
 
 
Sealed in quartz tube 
Homogenized  at 
1000C for  4.5h 
Hot rolling at 
1000C 
reduces 90% 
final thick 
0.7mm. 
Sheet cut and solution 
treated at 1000C for 1 h. 
(59) 
Ti-24Nb Cold 
crucible 
levitation 
melting 
method 
(CCLM)  
Sealed in quartz tube 
Homogenized   at 
1223 K for 7.20ks 
(950 C for 2 h) 
CR 95% 
reduce & 
tensile 
sample  
prepared 
(70x3x0.7 
mm) 
Some in tubes & 
solution treated at 1173 
K for3.6 s (900C for 1 h) 
quenched in water. 
Some sample annealed 
at 873 K &573K 
for0.6ks (600C&300C 
for 10 mints) then 
water quenching 
(55) 
Ti-(15-35) 
Nb  
Ar arc-
melting 
Method 
 
Sealed in quartz tube 
Homogenized  at 
1273 K for 7.20ks 
(1000 C for 2 h) 
CR 98.5%, cut 
using EDM, 
then 
mechanical 
polishing and 
chemical 
etching 
Wrapped in Ti foils and 
quartz tubes @ 25 Torr 
partial pressure of high-
purity Ar, then solution 
treated at 1173 K for 
1.8ks (900C for 0.5 h) . 
Water quenching. 
(25) 
Ti-7.5Nb-
4Mo-2Sn  
Ar arc-
melting 
Method 
flipped 5 
times 
 
CR 70% reduces then 
heat-treated at 
700Cfor 0.5 h in Ar 
atmosphere then 
water quenching. 
  (60) 
Ti-
27Nb,Ti-
(24-
13)Nb-(1-
4)Mo  
Ar arc-
melting 
Method 
 
Homogenized  at 
1273 K for 7.20ks 
(1000 C for 2 h) 
CR 98.5%, 
then cut for 
different test 
using EDM 
973K for 0.6 ks (700 C 
@ 10 mints) in Ar then 
quenched Water  
(53) 
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2.6      Manufacturing Techniques for Porous Ti and Ti-Alloys 
In recent years market demands for porous metallic products have increased and this 
has created a high production rate of metallic foams for various applications. The 
manufacturing technique is considered one of the important factors that affect the 
mechanical properties of porous material, including stiffness. Several manufacturing 
techniques are adopted to produce scaffolds. Some of them are based on traditional 
methods and others are recent innovations that are currently under development.  
Some of these techniques were adopted from porous polymer production and some 
were developed specifically for porous metal production. In addition, there are 
different techniques used to characterise the type and amount of pores (including open 
and closed pores) in the samples. Figure 2-7 shows different groups of the 
manufacturing techniques of porous metals. The manufacture of porous Ti materials 
presents some difficulties due to the high melting temperature of Ti and its affinity for 
oxygen (61).  
Few different techniques were selected amonge all manufacturing techinques as 
highlighted in figure 2-12, to compare between them include gas injection into the 
metal melt technique, powder metallurgy with space holder technique, replica 
technique for porous materials and additive manufacturing technique.  
Figure 2-12: Various manufacturing techniques of porous metal (2) 
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2.6.1 Gas Injection into the metal melt Technique 
This is one of the first technique used to manufacture metal porous materials and was 
used for the first time to manufacture aluminium foams and aluminium alloys foams. 
In this technique, the molten metal (of a viscosity) is mixed with viscosity decreasing 
adjuvants (e.g. silicon carbide and aluminium oxide) (2). The melt is foamed by 
injecting the gas through rotating impellers or vibrating nozzles. The function of 
rotating impellers and vibration nozzles is to produce and control the gas bubbles in 
the melt. A high porosity can be reached (around 98%) and large volumes of foams 
with low density are achieved. One of the drawbacks of this technique is that foaming 
with direct injection can generate brittle foams due to the high reactivity of titanium 
with oxygen. In the case of Ti, a high melting temperature is required which makes it 
difficult to use in solid conditions (62).  
2.6.2 Powder Metallurgy with Space-Holder 
As for as this study is concerned, we will focus on powdered metal systems, which are 
the area that present more advantages when handling Ti. This is a well-known 
procedure for the manufacture of porous products consisting of steps including 
powder mixing and preparation, compaction of the mix (or moulding) and sintering of 
the green product at a temperature lower than melting point of mixed material. As 
already described in section 2.5.1.  Wen et al. used titanium powder with particles size 
less than 45 µm and purity >99.9% to produce Ti foam (63).  Ammonium hydrogen 
carbonate powder was used as space- holder with particles size 200-500 µm to 
produce pores with size 200-500 µm. The process to manufacture Ti foam consisted of 
mixing, pressing and heat-treating step as shown in figure 2-13. The titanium powder 
and space-holder powder were mixed to produce the green compact. Pressure of 100 
MPa was applied to compress the powder. Then the green samples were heat-treated 
to remove the space-holder particles and produce Ti foam. Heat-treatment process 
consisted of two stages: first to remove the space-holder from the green samples 
heated at 200°C for 5 h. Then temperature increased to 1200°C for 2h for the sintering 
process. Different samples with various densities were produced. 
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Figure 2-13: Fabrication Process for Titanium foams (63) 
Ti-6Al-4V foams are produced using magnesium powders as space holder by Ziya Esen 
(64) as shown in figure 2-14. The powdered alloy had particles size ranging from 45-
250 µm with an average particle size of 107µm. Magnesium powder with particles size 
300-1500 µm was used as space-holder. The green samples were compacted at various 
pressures (375, 510, 750, and 1125 MPa) in a double ended steel die. The produced 
green samples were then heated slowly to 1200 °C and sintered for 1 h at the same 
temperature under high purity argon gas. Different samples with porosity ranging 43-
64% and containing both macro and micro pores due to different sizes of space-holder 
used were manufactured. 
 
Figure 2-14: Foam containing macropores (64) 
Wenjuan et al. have used powder metallurgy technique to manufacture porous 
titanium using a space-holder material (65). The size of titanium powder particles was 
in the range of 44-74 µm with an irregular shape. Carbamide particles in the size range 
of 200-600 µm were used as the space-holder material based on previous research 
(66). Firstly, a preparation step was needed to reduce the size range of carbamide from 
0.17-1.19 mm to get 200-600 µm by dissolving the particles in solution of ethanol and 
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water. Then titanium powder was mixed with the binder before adding carbamide 
particles to improve the green strength of powder compact.  A Ti powder and 
carbamide were mixed in a V type mixer for 1h. The mixture was then uniaxially 
pressed using a steel die of 10mm. Green samples were sintered in different stages (at 
200°C for 3 h,350°C for 3 h, and 1250°C for 3 h) and then furnace cooled. Porous Ti 
samples were produced with porosity in the range of 55-75% with pores size in the 
range of 300-500 µm with a mean value of 410 µm.  Ti-10Nb-10Zr porous alloys were 
fabricated using powder metallurgy and space-holder sintering method by Wang et al. 
(42,67). High purity elements of Ti, Nb, and Zr with particle size smaller than 45 µm 
were mixed together and blended in a planetary ball milling system for 4 h.  The 
blended mixture was added with urea as space-holder with particles size in the range 
of 500-800 µm.  The mixture of alloy powder and urea was compacted in a 50 ton 
hydraulic press to produce green samples. The sintering stage occurred under vacuum 
pressure of 10-4 and 10-5 Torr in two steps: first to remove the urea at 175 °C for 2h 
and second at 1200°C and held for 10 h to undergo sintering. Various porous Ti-10Nb-
10Zr samples were produced with porosity in the range of 42% to 74% including both 
open pores and closed pores. The porous TiNbZr scaffolds presented higher strength 
than porous unalloyed Ti scaffolds and presented an excellent ductility. 
Using powder metallurgy technique along with space holder helps controlling the pore 
characterization in easy way by manipulating space holder particles either their 
quantity or size as shown in figure 2-15. This technique is suitable to manufacture 
devices for a wide range of applications.   
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Figure 2-15: Statistical analysis of pore size and distribution (42) 
 
Several space holders have been reported in literature with different porous metal 
alloying as shown in table 2-7. Ammonium carbonate (NH4HCO3) is widely used by 
many researchers. The removal and sintering process are performed together in two 
different stages firstly by removing the ammonium bicarbonate by heating samples up 
to 175 °C for 5 hours in dwelling time inside tube furnace.  
Several space holder removal techniques are invented and the most common one 
either by dissolution in water or by applying thermal energy to remove the space 
holder. Using water is insufficient to remove a high percentage of ammonium 
bicarbonate and consumes a lot of time (68).  
Table 2-7:  Different space holders and their removal techniques 
Space holder Reference  
Magnesium (3,64) 
Ammonium bicarbonate (NH4HCO3) (40) (70)(71)(11)  
 
Carbamide (Urea)  (9,12,16,66,72) (66) 
Paraformaldehyde (polyoxymethylene) (73) 
Polymethyl methacrylate (PMMA) (74) 
NaCl powders (75) 
 
Yuan et al. fabricated Ti-Ni alloys using hot isostatic pressing and conventional 
sintering and then apply heat-treatment including aging at 450°C in a tube furnace 
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protected with high purity argon gas for 0.5 h and then iced-water quenching (76). 
After conducting different tests and analysis including optical micrograph as shown in 
figure 2-16 it shows the samples produced by CS have irregular and connected pores 
and that prove the effect of the high pressure on pore characterization compared to 
capsule free hot isostatic pressing (CF-HIP). Beside that sample produced by CS shows 
high open pore ratio and small pore size.  
 
Figure 2-16: Optical micrographs of cross section of porous TiNi SMAs fabricated by 
CF-HIP and (b) CS process (76) 
Kockar et al. employed CS to produce TiNi alloys using spherical powder with 
magnesium as space holder cold pressed at 400 MPa and sintered at temperature of 
1100°C (77). After sintering samples were cooled down to 80°C directly inside the 
vertical tube furnace. Different pores levels and micro-pores were obtained during this 
process. Samples with 36% porosity exhibit 4.5 % recoverable strain under constant 
pressure of 100 and 25 MPa while  the recoverable strain percentage decrease to 3.3% 
when porosity increased to 55 and 60% under lower constant stress around 50 MPa 
as shown in figure 2-17. 
 
Figure 2-17: Recoverable and irrecoverable strains (77) 
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Ti-51Ni alloys were fabricated by self-propagating high temperature synthesis (SHS) 
with porosity of 52% by Chung et al. (78). The powders of all elements were mixed and 
blended in a ball-milling machine for 12 h.  Then the green sample was produced by 
compressing the powder 50-100 MPa. XRD was used to analyse the phase 
transformation behaviour of produced TiNi alloys after applying annealing in a 
solution at 1050°C for 4 h and then aging at 500°C for 1 h. The achieved porosity was 
52.8% with pores size range from 200-500 µm and open porosity ratio around 72 % 
and that explains the connectivity of the samples pores. In addition, the transformation 
temperature of produced alloys has a value around the human body temperature and 
a compressive strength to 500 MPa as shown in figure 2-18 to be used for heavy lead 
hard tissue implants. The obtainable Young’s modulus is near the value of human 
bones with 5.82 GPa. 
 
Figure 2-18: Compressive stress-strain curve (78) 
Brailovski et al. fabricated Ti-22Nb-5Zr alloys employing vacuum and arc-melting 
method apply cold rolling to reduce the thickness of ingots to 30-85% (8).  Firstly, the 
obtained ingots were atomized to make them a powder form. Then the green sample 
was manufactured to have a porosity of 46%. Heat-treatment including annealing at 
450°C and 600°C for 1 h and quenching was applied after annealing for the foam 
specimens. The increase of annealing temperature decreased Young modulus value 
from 8-12 GPa in sintering to 5-7 GPa in annealing as shown in figure 2-19. Besides 
that, the stiffness is reduced when a higher annealing temperature is achieved. 
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Figure 2-19: Compression testing of Ti-Nb-Zr (a) as sintered (b) annealed at 450 °C (c) annealed at 600 °C(8) 
 
A compilation of more examples of porosity-induced materials can be found in table 2-
8. 
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Table 2-8: Different Ti-alloys with different heat-treatment 
Alloy 
Material 
Porosit
y (%) 
Pores 
Size(µm) 
Preparation 
Process 
Heat-treatment 
before testing 
Test Procedures Constant 
stress (MPa) 
Superelasticity 
behaviour 
Pores Formation 
Ti-49.2Ni  
(76) 
Dense NA Casting 
method 
 The compression tests 
at (26 ◦C). The strain rate is 
3.33×10−3 s−1. 
Scanning electron microscope 
was used to examine the 
fracture surface 
500 Completed super elasticity 
at room temperature 
Maximum recoverable 
strain of 4%. 
NA 
27 50-200 Hot isostatic 
pressing (HIP)  
 50 Spherical pores & large 
size less open pores 
 
43 <100 Conventional 
sintering (CS) 
Specimens were aged at 
450 ◦C for 0.5 h before 
compression testing, then 
ice-water quenched 
 Irregular and very good 
connected pores 
more open pores 
Ti-50.6Ni 
(77) 
36 250-600 Conventional 
sintering (CS) 
Sintered compacts are 
cooled directly down to 
80◦C in the cold zone of 
the vertical furnace. 
The isobaric cooling–heating 
experiments with 
incremental stress level of 25 
MPa and constant rate 
10_C/min 
100-125 High recoverable strain up 
to 4.5% 
Pores percentage was 
higher than space 
holder amount (30, 50, 
and 60) 
55 50 3.3 % 
60 50 3.6% 
Ti-51Ni 
(78) 
52.8 200-500 Self-propagating 
high temperature 
synthesis (SHS) 
Phase transformation 
behaviour of TiNi SMA 
analysed after solution 
annealing at 1050 C for 4 
h and aging at 500 C for 1 
h 
compressive samples were 
cut in a size of 
about 6 mm in width, 5 mm in 
thickness and 15 mm in 
height at constant rate of 0.1 
mm/min 
500 The ultimate compressive 
strain of the specimen is 
6.2% 
The isotropic pore 
structure most pores 
are three-
dimensionally 
interconnected 
Ti-20.8Nb-
5.5Zr (8) 
46 136- 561 Vacuum arc 
remelting & 
Powder metallurgy 
process   
Encapsulated in Ar-filled 
quartz tubes and 
annealed open air at 
450◦C and 600◦C (1h) 
subsequent water 
quenching. 
X-ray analysis (a) tensile 
testing, (0.5%) (b) three-
point bending (1.2%) and (c) 
compression testing (4, 8 & 
20%). Monotonous cycling 
(maximum 10 cycles) 
 Influence of  the post-
sintering thermal 
treatment on the onset 
stress and apparent 
Young’s modulus and 
manifest linear 
superelastic behaviour 
Pore size and 
distribution has no 
evident dependence on 
thermal treatment 
Cu–11.7Al–
2.49Mn 
(79) 
67.5, 
52.6 and 
73.1, 
400 Sintering–
dissolution process 
by using NaCl 
particulates as 
space holders 
Solution and 
quench treatments after 
holding at 850 °C for 1 h 
Uniaxial compressive tests at 
a strain rate of 10−2 s−1 at 
room temperature, Optical 
microscopy and (SEM) were 
done. 
 Non-martensite 
of β phase during slow 
cooling, After the solution 
and quench martensite is 
the main phase in matrix, 
before quenching brittle & 
after is ductile. 
Uniformly distributed 
and interconnected 
macroscopic pores 
Ti-50.6Ni 
(6) 
 
38–51 450 Conventional 
sintering (CS) 
Aging at 400 C for 1 h specimens produced were 
conducted by cyclic loading- 
unloading in the stress at 
room temperature and 
constant crosshead speed of 
0.1mm/min, temperature is 
determined by differential 
scanning calorimetry (DSC) 
0–250  Superelasticity is linear 
and decreasing with 
increasing porosity, 
Linear and complete 
Superelasticity up to 5% 
after stress cycling, 
Spherical pores were 
produced using a new 
metallic space holder , 
magnesium micro-
pores formed due to 
partial sintering  lower 
elastic modulus 
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2.6.3 Replica Technique for Porous Materials 
This technique of casting used polymer foams to produce metallic foam. In the replica 
technique, a polymer foam is the starting point of the process. This polymer foam is 
filled with a slurry of metal powder and left to soak. The polymer foam is removed by 
heat-treatment to leave a skeleton of metal material with open voids with a structure 
similar to the polymer structure. Pressure and heating of the mould are used to fill with 
liquid solution of metal in a simple casting process. Mould material is removed then 
and metallic foam is obtained with exact structure of polymer foam. Still some 
limitations in this process exist such as filling all cavities, reducing the total damage 
occurred during mould removal and the grade of metallic solidification. A similar type 
of casting technique involves casting around a space holder. A liquid metal is poured 
around granules or hollow spheres with low density as shown in figure 2-20. After 
casting material, the granules are removed with a solvent or by heat-treatment. The 
space-holder granules must be highly interconnected to achieve the required porosity. 
The drawbacks of using this technique are a low control of pores sizes and their 
location due to the distribution of particles of granules. Besides that, the porosity that 
can be achieved is less than 80% where other techniques can achieve higher than that. 
 
Figure 2-20: Liquid metal is casted around granules (2) 
 
2.6.4 Additive Manufacturing Technique 
Several computerized processes including CAD, CNC and three dimension printing and 
layer by layer manufacturing process are known as additive manufacture (AM) (80,81). 
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The machine bed of fabrication receives layers of material (in this case of metal in a 
powder form) and then a sintering process occurs either by fusing, gluing or a laser 
technique (82). AM demonstrates the capability of constructing a complex structure 
objects by building series of layers arranging layers one by one. While in other process 
such as CNC it performs by removing layers of material from solid form until it reach 
the required structure. The porosity achieved by employing this technique is in the 
range of 23-54% with average pore size between 10-200 µm. However, laser set-up 
requires a large budget and safety measures when dealing with laser requiring 
developed set-up and trained operators, which is considered as a part of the cost (7). 
The roughness of the surface depends on the raw material particle size and production 
volumes are restricted by the machine bed capacity. Therefore, production rate is slow.  
Kranz et al. (83) have manufactured Ti6Al4V using Laser Additive Manufacturing (LAM) 
technique. In their study they investigated the effects of different characteristics 
include walls, bores, cavities, gaps and hollow cylinder and they presented their 
restriction and recommendations. A multi-stage AM technology and powder 
technology were combined by Ryan et al. (84) to manufacture Ti-alloy porous foam 
employing a wax templates fabricated by CAD/CAM. The produced pores size range 
was from 200µm-400µm with an achieved porosity of 66.8%.  Similar results could be 
achieved with other alloys using this method which will be hard to achieve by AM alone. 
Xu-bin et al. (85) have manufactured Ti6Al4V scaffolds investigated different 
parameters effect include overhanging structure which presented unwanted defects. 
Once different manufacturing techniques for Ti and Ti alloys have been surveyed and 
investigated, the powder metallurgy and the arc melting techniques were selected for 
the Ti and Ti-alloys fabrication, and the space holder approach was the solution for the 
creation of porosity. This decision was based on the flexibility for alloy mixing, low 
volume manufacturing, rapid fabrication, high control over porosity, pore size and 
controlled environment to minimise contamination. 
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Chapter 3            Experimental Procedure 
 
3.1 Introduction  
This chapter describes the experimental procedure used in this study. It covers all 
techniques and describes the equipment used to carry out the work in this project. The 
first section describes the manufacturing protocols and the second section the 
analytical and testing techniques employed to characterise the samples (i.e. 
mechanical testing for compressive stress and compressive strain of samples and 
further analysis with XRD and EDS). This chapter follows the order of each subsequent 
chapter to make it easy for the reader to connect experimental work with results.  
3.2 Manufacturing Protocols 
3.2.1 Porous Titanium Scaffolds 
In this section the stages in the production of porous samples (figure 3-1) will be 
explained, separately, starting from mixing the powders until testing on porous 
samples to analyse their morphology and mechanical properties. The stages are 
divided into green samples production, space-holder removal via calcination and 
sample sintering.  
 
Figure 3-1: Flow diagram of fabrication process 
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3.2.1.1 Green Sample Fabrication 
3.2.1.1.1 Raw Material 
Commercially available elemental metal powders of Ti (Alfa Aesar, purity 99.9%, and 
particle size ≤45 µm, a density of 4.506 g/cc) with irregular shapes was used. Safety 
precautions were taken into consideration based on the advice of data sheets from 
suppliers due to the flammable nature of the particles. The space holder material 
selected was Ammonium carbonate (NH4HCO3)(Sigma-Aldrich, BioUltra,≥99.5%, a 
density of 1.580 g/cc) based on the low melting temperature (100 °C) which allows an 
easier removal at calcination stage compared to other space holders such as Urea 
(175 °C melting temperature) or NaCl (which requires extraction by solid-liquid 
solution in /or after sintering process).  To achieve different sizes of pores, Ammonium 
carbonate particles in the range (45-500µm) were sieved using a Retsch sieve shaker 
AS 400 control. Four different groups of particle sizes were produced based on the 
sieves sizes (45-106 µm, 106-212 µm, 212-300 µm and 300-500 µm). 
3.2.1.1.2 Design of the Porous Structure 
Preparing the samples started with calculating the required volume of each sample 
based on the moulds available for this purpose and the final sample geometry intended. 
The moulds used were of cylindrical shape and of diameters 16 mm. Then Ti powder 
was mixed with defined amounts of Ammonium carbonate as space holder to fabricate 
two groups of scaffolds containing two different porosity, nominally 55% and 70%. 
There were four sets of scaffolds based on the size of particles used as space holder.  
The first set used single particles size for each scaffolds group for both 55% and 70% 
scaffolds. The second set used two different space holder particles sizes for each 
sample with equal amount for each scaffolds group, referred to as double pore size. 
The third set used three different space holder particles sizes for each sample with 
equal amount for each scaffolds group, referred to as triple pore size. The fourth set 
used four different space holder particles sizes for each sample with equal amount for 
each scaffolds group, referred to as random pore size. Figure (3-2) shows different 
combination of pore sizes of each sample. The total numbers of scaffolds fabricated are 
shown in table (3-1) for all the groups and categories. 
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Table 3-1: Samples fabricated for each group 
 
 
Single 
Pore Size 
Double 
Pore Sizes 
Triple 
Pore Sizes 
Random 
Pore Sizes 
Total 
Samples 
55% 12 18 12 3 45 
70% 12 18 12 3 45 
 
 
Figure 3-2: Schematic diagram for particle size distribution 
For example, nominal ‘’55% A’’ corresponds to a scaffold with a 55%vol nominal 
porosity and pores in the range [45-106 µm]. A 70% ABC scaffold corresponds to a 
porous scaffolds with a nominal porosity of 70%vol and pore size population in the 
ranges [45-106 µm], [106-212 µm], and [212-300 µm]. 
The design of the % vol porosity was carried out by adjusting the ratio of metal powder 
to space holder. 
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From the measurement data of each sample, total porosity is calculated of each sample 
as follow: 
 
ܶ݋ݐ݈ܽ ܲ݋ݎ݋ݏ݅ݐݕ (ܲ) = ൬1 − ௠ܹ
஼ܹ
൰ ∗ 100 3-1 
 
           
Where ௠ܹ, ஼ܹ   represent measured weight of dry sample using electronic scale and 
calculated weight using volume of each sample using digital calliper, respectively.  In 
addition, combination of open pores and closed pores in each sample was calculated 
to identify the effect of the pores sizes and quantity on mechanical properties of Ti 
scaffolds. 
The volume of the sample is calculated based on the formula below: 
ܸ (ܿ݉ଷ) =  ߨ ∗ ݎଶ(ܿ݉ଶ) ∗ ℎ(ܿ݉) 3-2 
 
Mass of titanium:  
ܯ்௜(݃) = (1 − ܲ݋ݎ݋ݏ݅ݐݕ ܴ݁ݍݑ݅ݎ݁݀) ∗  ܸ(ܿ݉ଷ) ∗ ߩ௔௟௟௢௬ ቀ
݃
ܿ݉ଷൗ ቁ  
 
3-3 
 
Mass of space holder: 
ܯ௦௣௔௖௘௛௢௟ௗ௘௥(݃) = (ܲ݋ݎ݋ݏ݅ݐݕ ܴ݁ݍݑ݅ݎ݁݀) ∗  ܸ(ܿ݉ଷ) ∗ ߩ௦௣௔௦௘௛௢௟ௗ௘௥ ቀ
݃
ܿ݉ଷൗ ቁ 
 
3-4 
Solid sintered samples were prepared without using the space holder as control. 
Weighted powders (Digital scale ADAM PW214 to 0.0001g accuracy, USA) were placed 
in a stainless steel grinding bowl of a ball-milling machine (Retsch, PM100) with 
tempered steel balls at room temperature. The bowl was closed and filled with argon-
2.5% nitrogen atmosphere before the ball milling procedure was performed. Balls to 
powder ratio was set to at 10:1 and ball milling was maintained with a rotational speed 
of 200 rpm. Stearic acid (ܥܪଷ)ଵ଺ܥܱܱܪ) was added to powder mix as PCA (Process 
Control Agent) with amount of 2 wt. % prior to milling and the duration of milling 
process is 10 h. This ball-milling regime was adopted after preliminary tests and 
informed by literature as per section 2.5.1.  
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3.2.1.1.3 Element Powder Compaction 
Titanium powders in the appropriate quantities were fed into a mould and then 
compacted by using a designed steel die as seen in figure 3-3. The dies available are of 
different diameters to fabricate different sizes of samples. Compaction process is 
performed in an automated hydraulic press (Atlas Autotouch Press40, Specac, UK) 
figure 3-4. The main objective of compaction process is to bring powders particles 
together and form a green body to sinter in further stages. This is achieved by applying 
a force on the die with powders filled inside and press it by a specific pressure 
calculated previously based on the cross section area of the die. This pressure was set 
to 250 MPa based on preliminary tests. The conclusion from these preliminary tests is 
that if the applied pressure is too low, spaces between metallic particles remain and 
that will lead to a poorly sintered sample. On other hand if pressure is too large it 
results in powder crushing and difficulties in removing space holder in the calcination 
process.  
 
 
Figure 3-3: Schematic of moulding process 
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Figure 3-4: Steel die and Atlas 40 to fabricate green samples and die are placed in instron machine to start 
compacting process 
 
3.2.1.2 Space Holder Removal via Calcination Process 
The removal of space holder particles with their different particle sizes, was carried 
out in a furnace using a heat treatment of low ramping up temperature of 5 °C /min 
until T= 100°C maintained for 10 hours and ramping down of 5°C/min. Samples were 
weighed before and after the calcination process to calculate the difference and 
calculate the percentage of space holder removed by the following equation: 
 
ܵ݌ܽܿ݁ℎ݋݈݀݁ݎ ݎ݁݉݋ݒ݁݀ (%) =
ܵ݌ܽܿ݁ ℎ݋݈݀݁ݎை௥௜௚௜௡௔௟ ௠௔௦௦ − ܵ݌ܽܿ݁ ℎ݋݈݀݁ݎோ௘௠௔௜௡௜௡௚ ௠௔௦௦
ܵ݌ܽܿ݁ ℎ݋݈݀݁ݎை௥௜௚௜௡௔௟ ௠௔௦௦
 
 
 
3-5 
 
 
The voids left behind by the space holder are the basis for the pores in the sintered sample. 
3.2.2 Sintering Process 
To develop and improve bonding between the green sample particles, a sintering 
process is required. Through this method, the sample is heated up to a temperature 
lower than the melting point so that increases the strength of the sample and therefore 
contact points are transformed into necks which create the porous structure (figure 3-
5).  
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Figure 3-5: Particles bonding during sintering process (86) 
 
The sintering process will increase the strength as results of bonds between ions or 
atoms (87).   The sinter neck formation improves the mechanical strength to Ti alloy 
elements based on reduction of surface energy and progresses employing atomic 
diffusion process (86). Figure 3-6 shows the furnace used in sintering process for Ti 
powders samples ( Lenton LTF 1400°C, USA) and connected to a high vacuum pump 
(Pfeiffer Vacuum Hi Cube 80, Germany)  with operating vacuum around 2e-5 mbar. 
 
Figure 3-6: Sintering tube furnace connected to a vacuum pump 
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Figure 3-7: Typical Sintering-Time Profile 
Preparation and steps to perform sintering as follow: 
a) Samples are taken from space-holder removal process and cleaned, weighed, 
photographed and put on ceramic crucible to insert them inside tube furnace. 
b) Tube furnace is cleaned after urea removal and sample inserted inside the tube, 
both sides of tube are sealed with special fittings from furnace supplier with a 
vacuum connection adapter to connect the vacuum pump. 
c) Furnace operation temperature is set up using the controller for both ramping 
and dwelling temperature ramping at 5 °C/m for 600 °C then at 3 °C/m for 
1200 °C and dwell for 12 hours as shown in figure 3-7. 
d) After finishing samples and furnace left to cool down then samples are taken 
out to be weighed again and photographed to analyse the difference. 
3.2.2.1 Sintered Titanium-based alloys 
The sintering process described in the previous section is also applicable in the 
fabrication of Titanium-based alloys. Solid (i.e. non-porous) Ti35Nb4Sn samples were 
manufactured using the same protocol of green sample preparation, compaction and 
vacuum sintering. These samples are not intended to be porous, therefore no space 
holder was utilised.  
Metallic powders of each element includes Ti (Alfa Aesar, purity 99.9%, and particle 
size ≤45 µm, a density of 4.506 g/cc), Nb (Sigma-Aldrich, purity≥99.8%, a density of 
8.57 g/cc) and Sn (Alfa Aesar, purity 99.9%, and particle size ≤45 µm, a density of 7.31 
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g/cc) were prepared and mixed together to achieve desired elemental composition 
with pre-determined weight of Ti-35Nb-4Sn alloy (wt.%, accordingly) table 3-2.  
Table 3-2: Ti-35Nb-4Sn elemental infromation 
Elements Purity (%) Size (µm) morphology Percentage of each element 
Ti 99.9 ≤ 45 Irregular 61 
Sn 99.9 ≤ 45 Irregular 4 
Nb 99.8 ≤ 45 Irregular 35 
 
3.2.3 Arc-Melting Process 
Metallic powders of each element at the appropriate weight ratios including Ti, Nb and 
Sn were mixed together to achieve desired elemental composition with pre-
determined weight of Ti-35Nb-4Sn alloy (wt. %, accordingly). The elemental metal 
powders characteristics were Ti (Alfa Aesar, purity 99.9%, and particle size ≤45 µm, a 
density of 4.506 g/cc), Nb (Sigma-Aldrich, purity≥99.8%, a density of 8.57 g/cc) and 
Sn (Alfa Aesar, purity 99.9%, and particle size ≤45 µm, a density of 7.31 g/cc). The mix 
of powders was compacted using uniaxial cold press (Atlas 40) under 250 MPa 
pressure as described in section 3.2.1.3 (Element powder compaction) and then placed 
inside arc-melting furnace (MAM1, Edmund Buehler GmbH, Germany) chamber.  
The arc-melting process starts with placing compact sample inside furnace chamber 
shown in figure 3-8. The chamber is then vacuumed and flushed with argon several 
times to achieve a pure atmosphere prior to the electrical discharge being performed. 
The samples were arc-melted and flipped five times to achieve a homogeneous alloy. 
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Figure 3-8: Arc-melting furnace 
 
3.2.4 Thermal Treatments 
Typical thermal heat-treatment for Ti and Ti-based alloys are aging (i.e. air-cooling at 
a certain temperature) and quenching. For the purpose by this study, quenching was 
used to achieve a stabilization of the β phase in Ti and Ti alloys after having been 
homogenised at a certain temperature. The samples were encapsulated in tubes with 
vacuum to a void oxidization of samples during the quenching process. Quartz tubes 
were selected for the capsules because they can withstand high temperatures.  
Examples of the encapsulated samples (both sintered and arc-melted) appear in figure 
3-9. 
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Figure 3-9: Encapsulated 3mm, and  10mm samples in quartz tub 
 
The tube furnace is set to reach the specific temperature of the heat treatment on the 
sample prior to inserting the sample into the furnace at this stage. When the required 
temperature is achieved, the sample is inserted from the top of tube and immediately 
the open end is blocked using the plug. The samples were hanged in an open vertical 
furnace-using stand and clamp with a nickel wire attached to the sample in the middle 
of the furnace as shown in figure 3-10. An insulation ceramic plug was used to 
minimize heat escaping from the top outlet of the tube in the furnace.  After a period of 
time sufficient for homogenisation has been reached the sample then released from 
the stand hanger and left to fall freely in iced water and immersed five minutes. A 
polishing process follows the quenching process to remove any surface oxidization or 
any other particles from the glass tube. 
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Arc-melted samples are then vacuum-sealed in quartz tubes for heat treatment process 
which including ageing at 500°C for (60mins) and 1200°C for (12 hrs) then quenching 
all the samples in iced water. 
 
Figure 3-10: Schematic diagram for sample capsulizing and quenching process 
 
3.2.5 Polishing Protocol 
Prior to analysing and testing manufactured Ti porous samples, Sintered Ti and Ti-
based alloys samples and arc-melted Ti-based alloys samples a polishing procedure 
was followed.  A polishing machine (EcoMet250+AutoMet250, Buehler, USA) was used 
(figure 3-11). 
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Figure 3-11: EcoMet250 and AutoMet250 polishing machine 
The sintered Ti porous samples were polished as per the following procedure: 
The samples were polished on 3 different paper sizes to get a surface with clear 
structure for microscopy and other tests as shown in figure 3-12. Polishing paper sizes 
used were 240, 320 and 600 Grit. 
 
Figure 3-12: Polishing Procedure for Ti porous samples 
 
The sintered solid Ti and Ti-based alloys samples were polished as per the following 
procedure: 
For sintered solid samples, polishing process was carried using different paper sizes 
and a micro solution for finer polishing as shown in figure 3-13. Then the samples were 
etched using a recommended solution for Ti application (i.e. Kroll’s Reagent). 
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Figure 3-13: Polishing procedure for sintered Ti and Ti-based alloys samples 
 
The arc-melted Ti-based alloys samples were polished as per the following 
procedure: 
Arc-melted Ti-based alloys were prepared and polished following the procedure and shown 
in figure 3-14. The samples were polished with three different paper sizes 240, 320 and 
600 Grit. Then the samples went through a finer polishing process using a micro 
polishing solution. 
 
Figure 3-14: Polishing procedure for arc-melted Ti and Ti-based alloys samples 
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3.3 Characterisation Process and Analytical Techniques 
3.3.1 Introduction 
In this section, different analytical techniques used in the characterization of porous 
and Ti-based alloys are described. They can be divided into chemical analytical 
techniques and mechanical characterisation.  
3.3.2 Chemical Analytical Techniques 
The thermal and chemical characteristics of Ti and Ti-based alloys samples were 
studied. This investigation includes differential scanning calorimetry (DSC), X-ray 
Defractometer (XRD) and Energy Dispersive X-ray Spectrometry (EDS). These 
thermochemical analyses were necessary to observe crystallographic structures and 
crystal phases, detect the presence of any contaminant or intermetallic, and identify 
phases transformation temperatures and assess alloying extent. 
3.3.2.1 Differential Scanning Calorimetry (DSC) 
DSC is a thermoanalytical test based on the quantity of heat required to elevate the 
temperature of a sample using a reference material. The experiment is carried out by 
maintaining approximately the same temperature for both the sample and the 
reference. The temperature of the sample holder will increase linearly as a function of 
the time during experiment to get DSC analysis data. This technique was employed to 
determine the physical transformation in the Ti-based alloyed samples such as phase 
transformations including fusion, crystallization events and solid transition. The heat 
flows through the sample to maintain the same temperature as the reference material 
and it will increase or decrease depending on the process type if (exothermic or 
endothermic) as shown in Figure3-15 where (Ms) and (Mf) are martinsite start and 
finish respectively and (As) and (Af) are austenite start and finish respectively.  
Experimental Procedure 
For this project a Mettler systems DSC30 differential scanning calorimeter was used to 
carry out a DSC analysis for different samples including: ball-milled powder, arc melted 
samples, sintered samples and heat-treated samples and find the effect of each stage 
in the process on the thermal features of the Ti-based alloys. Standard operation 
method requires around 10 mg of sample material to be used for analysis. The samples 
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analysis scan was performed on a wide range of temperature from -50 ºC to 500 ºC 
heating and cooling with heating rate 10 ºC /min to search for any phase 
transformation event within that temperature range. Reliable results depended 
strongly on sample preparation method and several methods were studied in this 
work: 
1- Powder form: prepared by the grinding previously sintered samples. Many 
disadvantages were associated with this method as the sample got contaminated 
with material from grinding balls including iron (Fe) and chromium (Cr). Based on 
that this preparation method was eliminated. 
2- Net shape 3 mm disk: a second batch of samples of cylindrical shape with 3 mm in 
diameter and 1 mm in height were prepared for analysis. This shape of samples 
produced a perfect size and weight for DSC test although it was difficult to perform 
a perfect finishing (i.e. polishing) for the samples after sintering because of their 
small size. 
3- Net shape 5mm disk: the selected approach that relied best results was with solid 
cylindrical samples with 5 mm in diameter and 1 mm in height. The samples size 
and weight matched the DSC sample requirements and it required little effort and 
time compared to 3mm samples with a better finishing. 
 
 
Figure 3-15: Typical DSC graph for a Ti  alloy 
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3.3.2.2  X-Ray Diffraction (XRD) 
An X-Rays defractometer produces waves of X-rays as electromagnetic radiation 
toward the atoms in crystals. Then X-ray waves is then scattered through electrons. 
The electron emanates secondary spherical waves as X-ray strikes the electron. This 
phenomenon is known as elastic scattering and the electron is known as the scatter.  
Employing X-ray to examine the crystallographic structure of matter was developed 
by W.H Bragg and W.L Bragg in 1913. This method was illustrated as several sets of 
lattice planes are combined to form a regular arrays of atoms that reflect the radiation. 
Since the spaces within these lattice planes have the same magnitude of wavelength of 
X-rays, diffraction occurs as a result of scattered radiation as shown in Figure 3-16. 
 
Figure 3-16: Visualization of Bragg Equation (88) 
 
The Bragg Equation rules this phenomenon: 
݊ߣ = 2݀ݏ݅݊ߠ 3-6 
 
Where ݊ is the integer representing the diffraction order as we dealing with three-
dimensional lattices, ߣ  is the wavelength of the illuminating X-rays, ݀   is the 
interplanar spacing and ߠ   is the angle of both incidence and reflection. This Bragg 
equation is valid for any type of lattice structure. 
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Experimental Procedure 
In this project, a bench top Bruker 2D phaser θ/2θ scanning diffractometer was 
employed to collect the X-ray diffraction measurement using the same principle as 
shown in figure 3-17 provided by Bragg configuration. 
Figure 3-17: Schematic representation of θ/2θ diffraction in Bragg-Brentano geometry (88) and a photo of 2D 
Phaser used in this project 
 
The operation process of demonstrated X-ray usually consist of different parts 
including X-ray tube made of copper with 40 kV and a current of 20 mA, a nickel filter 
for the X-ray beam to pass through and repressed to the Kβ emission line. Then X-ray 
beam divergence is regulated using a 1º soller slit placed between the source and the 
sample.  
The experiment commences by placing the sample in a sample holder and positioned 
on a seat inside Bruker 2D phaser bench-top XRD machine to approach 2θ position for 
receiving and reflecting X-ray beam for this analysis. 
The constant distance between the X-ray source and the sample inside the sample 
holder also distance between the sample and the emitted beam detector has help in 
achieving a perfect beam focussing. This requires the source of X-ray position is fixed 
and a detector with capability of providing more than 150 integrated slits allowing 
more than 150 2θ position to be recorded. Powder and solid samples were tested to 
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confirm chemical purity and alloying. Figure 3-18 shows examples of XRD of αTi and β 
Ti alloy exhibiting typical peaks. 
 
Figure 3-18: XRD of  β Ti and β+α Ti alloys 
 
3.3.2.3 Energy Dispersive X-ray Spectrometry (EDS) 
Energy depressive X-ray Spectrometry is considered an analytical process 
implemented for the elemental analysis or chemical characterization for a sample. This 
process depends on the action between some source of X-ray excitation and a sample. 
The unique structure of each element produce a unique set of emitted X-ray peaks and 
is considered the main part of the fundamental principle behind the characterization 
capabilities of EDS. To produce this emitted X-ray a high-energy beam of X-ray is 
focussed on the sample which excites an electron in inner shell ejecting it from the shell 
and creates an electron hole in the same position of the ejected electron. Another 
electron from outer high energy shell inter and fill the hole and difference between a 
higher energy shell and lower energy shell then emitted as X-ray beam. These emitted 
beams of energy of X-ray then measured using energy-dispersive spectrometer as 
shown in Figure 3-19. Several surface scans with vary resolution were recorded to 
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study the average pore, pore size and pore size distribution on the outer surface of all 
samples. 
 
 
Figure 3-19: EDS Principle 
 
 
This allows EDS to preserve the elemental composition of the sample as the excess 
energies of X-ray are characteristic of the difference in energy between the two shells 
of the atomic structure. Often, this excess energy is converted to a third electron from 
farther outer shell preventing its ejection, which results in ejecting Auger electron.  
Experimental Procedure 
A Hitachi TM3030 was adapted to perform EDS analysis in this project. Some samples 
were in powder form, for example the original powder of metals like Ti from the 
supplier to confirm purity and the mix of alloy powder after ball-milling process to 
confirm no contamination; and same in solid samples. The sample was placed on 
sample holders as shown in figure 3-20. Then inserted to Hitachi TM3030 with care 
and wearing gloves and therefore prevent any organic contamination during placing 
them inside. 
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Figure 3-20: Inserting sample to EDS machine 
 
Different results were obtained using software to operate machine and obtain results 
including: 
1) Different images of the sample using images viewer with wide scale of zooming 
and images sizes can vary based on the zooming used in such using small 
zooming can get image scale to 1 mm while a larger scale around 40 µm can be 
obtained with larger zooming scale. 
2) Material mapping within the sample to specify all the constituent elements 
inside the sample and create a data table with all different elements 
representation.  
3) Elements weight percentage and atomic percentage within selected areas on 
the surface of the sample and alloying elements. 
4) Contamination from unwanted elements and to confirm complete removal of 
space holder. 
 
3.3.2.4 Optical Microscopy and Image Analysis 
Different optical measurement systems were used to provide the best images with 
wide ranges of high magnifications and precise measurements.  Several surface scans 
with varying resolution were recorded to study the average size and pore size 
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distribution on all samples. The recorded images provided more information about the 
pores sizes, shapes and covering quantity of each surface. This helped determine 
surface area of solid and porous part of each sample and then it will be compared with 
results from other analysis (e.g. Archimedes immersion method). 
Experimental Procedure 
For porous Ti scaffolds images were obtained using a Nikon Optiphot microscope 
(Nikon, Japan) as shown in figure 3-21 (a) with attached camera GXCAM5 (GXOptical, 
UK) using GXCapture software (GTVision, UK).   The GXCapture software helped to 
capture images using the attached camera with scaling system to match with each 
zooming used. Besides that, measurements of random groups of pores are recorded. 
Other images were performed for the whole surface of porous sample using Alicona 
Infinite focus System as shown in figure3-21 (b) and Nikon D5300 camera. 
Figure 3-21: (a) Nikon Optiphoto microscope,(b)Alicona InfiniteFocus System 
 
 
The obtained images from Alicona surface measurement system and from the 
photographic camera were processed using a freeware software called ImageJ (ImageJ, 
NIH, USA). Different information is provided including pores measurements and 
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distribution. Figure 3-22 shows ImageJ interface, while the steps used to analyse these 
images are shown in figure 3-23. 
Figure 3-22: ImageJ interface 
 
 
Figure 3-23: Steps to performe images analysis using ImageJ 
3.3.3 Mechanical Testing 
Two methods were employed to measure mechanical properties of the samples: 
compressive micro-testing and nano indentation. 
Analyze-Set Scale 
Use the scale provided with 
image as known distance and 
set software scale based on 
that scale 
Image-Type 
Select type of image to 
convert images to 8-bit gray  
Process-Binary 
Image is converted to binary 
from gray type to black and 
white image the surface is 
black and pores are white. 
Edit-Invert 
To make the pores black and 
the surface white. 
Analyze-Analyze Particles 
The black coloured dots and 
circles which represent pores 
are counted and result file is 
produced to excel file.  
File -File Open 
File location of images will 
open and image is selected 
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3.3.3.1 Microtesting 
An Instron 3369 universal testing machine (UTM) was used in this project equipped 
with load cell of 50 kN. Testing parameters including platen movement direction, load 
cell sample size and shape, stress and deformation rang are controlled by software 
installed to the connected computer using the Bluehill software. In addition, cyclic 
loading was controlled using the test profiler to determine each cycle percent and size. 
The maximum strain percentage was used to control the ending of different test. 
Typical stress-strain curve is shown in figure 3-19 
Experimental Procedure 
Compression testing was performed to obtain the stress-strain profile as it can be 
achieved by the observed values of the load and platen displacement.  Since the values 
of load and displacement are determined then stress and stress values through the 
application are calculated using well-known formulas representing each stress and 
strain as follow: 
For Stress  
ߪ௘ =
ܨ
ܣ
 3-7 
And for Strain 
ߝ௘ =
∆݈
݈଴
=
݈଴ − ݈
݈଴
 3-8 
Before loading the sample onto the UTM testing, the sample dimensions were 
measured and recorded using a digital calliper with accuracy 0.01 mm after those 
samples were placed between the platens. Then upper movable platen is moved slowly 
until it touches the sample and that can be achieved by getting load around 5-10 N then 
load is made zero before starting the test. Then all dimensions were input to the 
Bluehill software before operating the machine.  
In Figure 3-18 shows the mechanical testing machine. Cyclic loading is achieved using 
test profiler and create a test with certain test parameter input include the platen form 
speed and cycles number. The data obtained allows the measurement of the sample 
(i.e. Young’s modulus), compressive strength immediately before yield point and strain 
achieved at that point.. 
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Figure 3-24: Mechanical testing machine 
 
Figure 3-25: Typical Stress-Strain curve 
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3.3.3.2 Nanoindentation Test 
A nanoindentation is produced as a depth-sensing system applies a certain force on a 
sample surface. This force is controlled and recorded during each complete loading 
cycle. The test consists in an electromagnetic force and depth measurement obtaining 
the elastic modulus of material and the mechanical properties of material on nano-
scale with high accuracy performance and large force range. 
Experimental Procedure 
Usually elastic and plastic deformation occurred under the indenter as a result of 
loading within depth-sensing analysis; however, unloading stage is controlled by the 
revival of elastic deformation.  The test is run by starting the instrument making the 
probe touch the sample surface and applying a small load. Then load is increases with 
a specific rate, which causes an increasing indepth of probe into the material. After the 
pre-set target is reached either maximum load or maximum depth, then the probe is 
back to its initial state with an indent is left on sample surface. Figure 3-26, show the 
nanoindentation machine and platform used in this study. 
 
Figure 3-26: Nanoindentation machine setup 
                     Experimental Procedure  
 
59 
 
Figure 3-27: (a) Load vs displacement curve,(b) indenter pattern on sample surface (89) 
Figure 3-27 shows (a) the typical curve of load against displacement with (b) the 
indenter patterns on sample surface. 
The Young’s modulus of the sample can be obtained from the reduced modulus (ܧ௥ ) 
which emerges from the elastic analysis by Hertz: 
1
ܧ௥
=  
(1 − ߥଶ)
ܧ ൅
(1 − ߥ௜ଶ)
ܧ௜
 
 
3-9 
Where E   and E୧ are the elastic moduli and ν  and ν௜  are the Poisson ratios of the 
material and the indenter. The Poisson’s ratio and elastic modulus of indenter are 0.07 
and 1470 GPa respectively. Based on Poisson’s ratio value, Elastic modulus can be 1-
5 % less or more than reduced modulus.  Therefore, it can be concluded that the 
reduced modulus can provide us an approximate value of Elastic modulus. 
 
Figure 3-28: Indent of titanium nitride nanocomposites (90) 
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Figure 3-29: Nanoindentation position on sample 
Figure 3-29 shows the nanoindentation position on the sample with 20µm distance 
between each indent and the otherone. 
3.4 Software 
Microsoft Excel® was employed to perform calculations and tabulate results for 
analysis. 
ImageJ (a java-based image-processing programme developed at the National Institute 
of Health, USA) was used for image analysis and pore size distribution. 
Origin 2015 Version 92E (OriginLab Cooperation, USA) was used for graphing, data 
plotting and data analysis 
3.5 Statistical Analysis 
Porous samples were manufactured in triplicate and the results (e.g. Young’s modulus, 
compressive strength, porosity) are reported as the mean ± standard deviation. 
Image analysis was performed in at least four specimens per sample and the results are 
reported as the mean ± standard deviation. 
Where a graph exists, errors are employed to indicate the dispersion in the results. 
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Chapter 4            Engineered Porosity Titanium 
Scaffolds 
4.1 Introduction 
This chapter compiles the results from the study performed on engineered porosity 
titanium scaffolds: their fabrication, characterisation and testing as per section 3.2. The 
reader is directed to table 3-1 and figure 3-2 for a reminder about the feature of 
specimens fabricated via the space-holder and sintering techniques. 
4.2 Microstructure Characterisation 
The average pore sizes in each sample are similar to the ammonium carbonate 
(RW.ERROR - Unable to find reference:40) (70)(71)(11)  particles used to create pores for each 
sample. In addition, the shapes of created pores are irregular and that is same shape of 
the space holder particles. Figure (4-1) shows the identical pore structure of the 
fabricated scaffolds at different pore sizes for scaffolds with a nominal porosity of 55%.  
 
Figure 4-1: Pores size and distribution for nominal 55% scaffolds (a)45-106µm (b)106-212µm (c)212-300µm and (d) 
300-500µm 
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In the first set of samples, each sample contains a single pore size range based on the 
space holder size ranges employed in the manufacture: (a) with range (45-106 µm). 
Many small pores join to form long and narrow pores compared to the pores where 
larger space holder particles were used. In addition, smaller than 45µm were formed 
as a result of solid-state diffusion and interaction between Ti particles walls. (b) When 
larger particles (106-212µm) were used more interconnectivity between pores was 
created during calcination and sintering process forming larger interconnected pores. 
(c) and (d) while using space holder particle size ranges (212-300µm and 300-500µm) 
even larger pores with an open porous structure were created. Figure (4-2) shows the 
corresponding microscope images for samples with a nominal 70% porosity. Pore 
sizes show more interconnectivity than in samples with a 55% of porosity. The second 
set of samples contains a double pore size range for the space holders. Their 
microstructures are presented in figure (4-3).  
 
Figure 4-2: Pores size and distribution for nominal 70% scaffolds (a)45-106µm (b)106-212µm (c)212-300µm and (d) 
300-500µm 
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In Figure (4-3) (a) (b) (c) all small particles with size range (45-106µm) are clearly 
constructed and surround bigger pores sizes. In addition, interconnection between 
small pores in this stage is less than interconnection in previous stage when single pore 
sizes are used. The pores wall thicknesses are well defined but are thinner and 
narrower than those of a single pore constituent. It is obvious that two different types 
of pores are defined in all porous samples. Very small micro pores are also present as 
a result of gaps between unsintered titanium particles (91,92). 
 
Figure 4-3: Pores size and distribution for nominal 55% scaffolds (a)45-106µm, 106-212µm (b) 45-106µm, 212-
300µm (c) 45-106µm 300-500µm (d) 106-212µm, 212-300µm (e) 106-212µm, 300-500µm and (F) 212-300µm, 300-
500µm 
Pores created as a result of gaps between unsintered titanium particles appear more 
often in samples with small space holder used in range of (45-106µm) however, the 
appearance of these micro pores is reduced when larger space holder particles (212+ 
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µm) are used. It is hypothesised that the bigger space holder particles compress the 
titanium particles closer and reduce that gap between each particle at uniaxial 
compression stage and then for sintering. Likewise, figure (4-4) shows two different 
ranges of pores sizes at a higher percentage of porosity, nominally 70% vol.  
 
Figure 4-4: Pores size and distribution for nominal 70% scaffolds (a)45-106µm, 106-212µm (b) 45-106µm, 212-
300µm  (c) 45-106µm, 300-500µm (d) 106-212µm, 212-300µm  (e) 106-212µm, 300-500µm and (F) 212-300µm, 
300-500µm 
The third sets of samples were fabricated with a triple pore size range in two porosities 
nominally 55% vol. (Figure 4-5) and 70%vol. (Figure 4-6). The combinations of pores size 
range in each sample cover all possible cases included in this study. Finally, the fourth set of 
samples were fabricated using all four different ranges of space holder particle size, creating 
in this way a random pore distribution at the 2 nominal porosity levels, nominal 55% and 70% 
vol. (Figure 4-7).  
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Figure 4-5: Pores size and distribution for nominal 55% scaffolds (a)45-106µm, 106-212µm, 212-300µm (b) 45-
106µm, 106-212 µm, 300-500µm (c) 45-106µm, 212-300µm, 300-500µm and (d) 106-212 µm, 212-300µm, 300-
500µm 
 
Figure 4-6: Pores size and distribution for nominal 70% scaffolds (a)45-106µm, 106-212µm, 212-300µm (b) 45-
106µm, 106-212 µm, 300-500µm (c) 45-106µm, 212-300µm, 300-500µm and (d) 106-212 µm, 212-300µm, 300-
500µm 
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Figure 4-7: Pores size and distribution for scaffolds nominal 55% (a)45-106µm, 106-212µm, 212-300µm, 300-500µm, 
nominal 70%  (b) 45-106µm, 106-212µm, 212-300µm, 300-500µm 
Image analysis performed on the surfaces of the porous scaffolds allowed a quantitive 
pore size distribution as presented in figures 4-8 and 4-9.  
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Figure 4-8:  Pores size distribution for nominal  55% scaffolds (a) 45-106µm, (b) 106-212µm, (c) 212-300µm and (d) 
300-500µm, (e) 45-106µm, 106-212µm (f) 45-106µm, 212-300µm (g) 45-106µm 300-500µm  (h) 106-212µm, 212-
300µm (i) 106-212µm, 300-500µm  (j) 212-300µm, 300-500µm,  (k) 45-106µm, 106-212µm, 212-300µm,  (l) 45-
106µm, 106-212µm,  300-500µm (m) 45-106µm, 212-300µm , 300-500µm (n) 106-212µm, 212-300µm, 300-500µm  
(o) 45-106µm, 106-212µm, 212-300µm, 300-500µm 
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Figure 4-9 Pores size distribution for nominal 70% porosity scaffolds (a) 45-106µm, (b) 106-212µm, (c) 212-300µm 
and (d) 300-500µm, (e) 45-106µm, 106-212µm (f) 45-106µm, 212-300µm (g) 45-106µm 300-500µm  (h) 106-212µm, 
212-300µm (i) 106-212µm, 300-500µm  (j) 212-300µm, 300-500µm,  (k) 45-106µm, 106-212µm, 212-300µm,  (l) 45-
106µm, 106-212µm,  300-500µm (m) 45-106µm, 212-300µm , 300-500µm (n) 106-212µm, 212-300µm, 300-500µm  
(o) 45-106µm, 106-212µm, 212-300µm, 300-500µm 
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Table 4-1 presents the average pore size from samples images obtained from imageJ 
and processed with of Origin software. 
Table 4-1: Average pore sizes from Originlab software 
 Pore Size (µm) Porosity 
(%) 
Average 
Pore Size 
(µm) 
Standard 
Deviation 
Average 
Pore size 
with error 
A 45-106 
55% 
50.4 13.75 50.4±13.8 
B 106-212 122.7 46.6 123±46.6 
C 212-300 224.5 45.25 225±45.3 
D 300-500 324.3 77.2 324±77.2 
AB  45-106,106-212 130 21 130±21 
AC 45-106,212-300 162 29 162±29 
AD 45-106,300-500 334 44 317±44 
BC 106-212, 212-300 174 24 164±24 
BD 106-212,300-500 314 44 314±44 
CD 212-300,300-500 368 57 368±57 
ABC 45-106,106-212,212-300 160 24 160±24 
ABD 45-106,106-212,300-500 281 46 260±46 
ACD 45-106,212-300,300-500 325 47 325±47 
BCD 106-212,212-300,300-500 325 45 325±45 
ABCD 45-106,106-212,212-300,300-500 283 43 283±43 
      
A 45-107 
70% 
45.2 11.2 45.2±11.2 
B 106-213 109.7 29.15 110±29.2 
C 212-301 205.8 36.7 206±36.7 
D 300-501 326.2 54.05 326±54.1 
AB  45-106,106-212 130 19 130±19 
AC 45-106,212-300 163 30 163±30 
AD 45-106,300-500 295 46 295±46 
BC 106-212, 212-300 180 22 180±22 
BD 106-212,300-500 357 56 357±56 
CD 212-300,300-500 367 57 367±57 
ABC 45-106,106-212,212-300 160 23 160±23 
ABD 45-106,106-212,300-500 288 50 288±50 
ACD 45-106,212-300,300-500 291 47 291±47 
BCD 106-212,212-300,300-500 297 45 297±45 
ABCD 45-106,106-212,212-300,300-500 282 46 282±46 
 
In order to validate the porosity size population results obtained via optical 
microscopy methods, the samples were photographed at high resolution and the 
obtained images processed via an in-house algorithm created in ImageJ. Figure 4-10 
and 4-11 present an example with the single pore range samples in the two nominal 
porosities. The double, triple and random sets were processed in the same way. 
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Figure 4-10: Pores size and count measurement using the Imagej algorithm on nominal 55% scaffolds (a) 45-106µm, 
(b) 106-212µm, (c) 212-300µm and (d) 300-500µm 
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Figure 4-11: Pores size and count measurement using the Imagej algorithm on nominal 70% scaffolds (a) 45-106µm, 
(b) 106-212µm, (c) 212-300µm and (d) 300-500µm 
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Tables 4-2 complies the summary of results from 
1) Optical microscopy and ImageJ porosity 
2) Archimedes immersion methods. 
 
Table 4-2: Samples with nominal 55% porosity measurement using ImageJ and Archimedes measurement 
 55 % Porosity 70 % Porosity 
 
Pore Size 
Porosity %from 
Microscope Images 
Porosity % from 
Archimedes 
Porosity %from 
Microscope Images 
Porosity %from 
Archimedes 
A 27 32 21 42 
B 39 39 63 53 
C 40 38 61 53 
D 53 41 67 57 
AB 21 35 44 45 
AC 26 36 46 47 
AD 30 37 35 48 
BC 27 40 53 52 
BD 31 42 46 54 
CD 42 42 48 54 
ABC 35 37 45 50 
ABD 33 36 62 52 
ACD 36 38 53 53 
BCD 36 41 49 55 
ABCD 40 42 54 55 
 
In order to validate the optical microscopy method employed, two specimens (i.e. 70% 
B, 70% C) were analysed using high quality photographies of the cross-sections 
(figures 4.12, 4.13) and analysed with ImageJ. The results confirm the validity of the 
method. 
Table 4-3: Two Samples with 70% porosity measurement from ImageJ from professional camera images for whole 
surface for inernale surface sliced  
 Calculated total area  
(mm2) 
Measured porous area 
(mm2) 
Porosity Percentage  % 
Sample (5) 70% (106-
212 µm) (B) 
143 89 62 
Sample (8) 70% (212-
300 µm) (C) 
147 85 58 
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Figure 4-12: Pores size and area measurement using Imagej software and images obtained by professional camera 
for Sample (5) 70% (106-212 µm) 
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Figure 4-13: Pores size and area measurement using Imagej software and images obtained by professional camera for 
Sample (8) 70% (212-300 µm) 
 
A chemical composition analysis was performed to check potential contamination 
levels on the sintered samples and confirm complete removal of the space holder 
particles. 
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Element Weight 
% 
Weight 
%σ 
Atomic 
% 
Titanium 95.337 0.674 85.523 
Silicon 1.078 0.150 1.649 
Carbon 3.586 0.665 12.828 
 
Element Weight % Weight σ Atomic % 
Titanium 97.533 0.203 95.703 
Aluminium 2.467 0.203 4.297 
 
Element Weight 
% 
Weight % Atomic 
% 
Titanium 97.946 0.180 96.411 
Aluminium 2.054 0.180 3.589 
 
 
Element Weight 
% 
Weight % Atomic 
% 
Titanium 93.384 0.817 80.456 
Aluminium 1.671 0.181 2.556 
Carbon 4.944 0.812 16.988 
Figure 4-14: EDS results for scaffolds 70% porosity (a) 45-106µm, (b) 106-212µm, (c) 212-300µm and (d) 300-
500µm 
(a) (b) 
(d) (c) 
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Element Weight % Weight % Atomic % 
Titanium 96.676 0.263 89.609 
Carbon 2.428 0.259 8.975 
Silicon 0.896 0.059 1.416 
 
Element Weight 
% 
Weight 
%σ 
Atomic 
% 
Titanium 96.396 0.220 93.776 
Aluminium 3.604 0.220 6.224 
 
Element Weight 
% 
Weight 
%σ 
Atomic 
% 
Titanium 96.338 0.202 93.678 
Aluminium 3.662 0.202 6.322 
 
Element Weight 
% 
Weight 
%σ 
Atomic 
% 
Titanium 95.247 0.647 84.591 
Carbon 4.028 0.636 14.265 
Aluminium 0.726 0.143 1.144 
 
Figure 4-15: EDS results for scaffolds 70% porosity (a) 45-106µm, (b) 106-212µm, (c) 212-300µm and (d) 300-
500µm 
(c) 
(a) (b) 
(d) 
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4.3 Mechanical Properties of Ti Scaffolds 
The mechanical performance is a focus in this study due to its relevance to suitability for 
biomedical and orthopaedic applications. The mechanical properties of the Ti scaffolds were 
studied employing uniaxial compression tests on cylindrical samples (8 mm in height and 14 
mm in diameter). Samples were prepared by mechanical polishing after sintering to produce 
final samples geometry.  Young’s modulus of Ti scaffolds with different pores size and porosity 
are plotted against pore size and porosity. Figures 4-16 (a) (b) and 4-17 (a) (b) (c) (d) show 
the Young’s modulus and compression strength of the Ti scaffolds for a various pores sizes and 
for both 55% and 70% porosity samples.  
 
Figure 4-16: Compressive Strength of the Ti scaffolds (a) for 55% porosity samples all different sizes groups (b) for 
55% porosity samples all different sizes groups 
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Figure 4-17: Young’s moduli of the Ti scaffolds for  various pores sizes and for both 55% and 70% porosity samples 
(a) Single Pore size, (b) Double pore size, (c) Triple pore size and (d) Random pore size group 
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Figure 4-18 presents the data plotted to establish a linear regression between Young’s 
moduli and %volumetric porosity for the four pore size distributions.  All the 
regression analysis of the mechanical properties of the porous Ti scaffolds were 
conducted to study the relation between the mechanical properties and porosity of the 
Ti porous scaffolds.  
The obtained results of linear regression have confirmed the proportional relationship 
between the mechanical properties and the porosity. Therefore, the mechanical 
properties of Ti scaffolds can be controlled so that it matches the bone mechanical 
properties. The presented R2 values are large (i.e. close to 1), which informs of a good 
degree of fitting, as shown in table 4-4 
Table 4-4: R2 values of regression relation between Young's modulus and porosity of Ti scaffolds 
 
Pore Size 
(a) value (R2) values 
A 1.295 0.9712 
B 1.002 0.9938 
C 0.6241 0.9761 
D 0.8672 0.9832 
AB 0.8358 0.9479 
AC 0.7794 0.9669 
AD 0.7091 0.9763 
BC 0.6931 0.9237 
BD 0.5273 0.9383 
CD 0.6197 0.9981 
ABC 0.5169 0.9915 
ABD 0.4991 0.9856 
ACD 0.4647 0.9916 
BCD 0.4555 0.9444 
ABCD 0.1154 0.7788 
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Figure 4-18: Young’s  moduli of the Ti scaffolds to compare both 55% and 70% porosity samples (a) Single Pore size, 
(b) Double pore size, (c) Triple pore size and (d) Random pore size group
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Chapter 5            The influence of the 
Manufacturing Process for Low Stiffness Ti-
Based Alloys 
5.1 Introduction 
In this chapter two different methods were implemented to fabricate Ti-35Nb-4Sn 
alloy and assess how to reduce stiffness in the sample (i.e. Young’s modulus) without 
decreasing the compressive strength (i.e. weaking the microstructure in the alloyed 
sample). The Ti-alloy was selected is Ti-35Nb-4Sn informed by literature, which 
reports this alloy is one of the softest of the Ti-based group (21,93). The first selected 
method was arc-melting and the second method was high vacuum sintering method. 
After manufacturing two alloys using the two different techniques the samples were 
subjected to heat treatment cycle which included quenching. It is understood that this 
method reduces Young’s modulus as well as transformation temperature (21). Tests 
and analysis included XRD, DSC and mechanical testing to study the effect of each 
manufacturing technique. Subsequently, heat-treatments at different temperatures 
and duration finalised with quenching in iced water were performed to investigate the 
chemical and thermomechanical effect on each alloy using similar tests and analysis 
including XRD and DSC. 
5.2 Results and Observations 
5.2.1 Arc-melted Ti-35Nb-4Sn Results 
In this section, results of arc-melted Ti-35Nb-4Sn are included. Results from DSC 
analysis for both quenched and not quenched samples are presented first.  Figure 5-1 
illustrates the change in the transformation temperature during thermal analysis. The 
transformation temperature showed significant changes after homogenizing at 1200ᵒC 
for 12 hrs and then quenched in iced water. 
The austenite transformation temperature was reduced from 126°C in non heat-
treated Ti-35Nb-4Sn alloy to 91°C in heat-treated alloy and the mertensite 
                     The influence of the Manufacturing Process for Low Stiffness 
Ti-Based Alloys  
 
88 
 
temperature dropped from 114°C that shows the effect of heat-treatment on alloy 
including aging and quenching.  
 
 
Figure 5-1: DSC for arc-melted Ti-35Nb-4Sn (a) without quenching (b)with quenching 
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Figure 5-2: SEM for arc-melted Ti-35Nb-4Sn without quenching 
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Element Line Type Weight % Weight % Sigma Atomic % 
Ti K series 57.97 0.19 73.52 
Nb L series 36.61 0.17 23.94 
Sn L series 4.36 0.10 2.23 
Pb M series 1.05 0.18 0.31 
Total  100.00  100.00 
 
Figure 5-3: EDS for arc-melted Ti-35Nb-4Sn without quenching 
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Figure 5-4: SEM for arc-melted Ti-35Nb-4Sn with quenching 
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Element Line Type Weight % Weight % Sigma Atomic % 
Ti K series 57.89 0.19 72.84 
Nb L series 37.00 0.19 24.00 
Sn L series 4.76 0.13 2.42 
Al K series 0.12 0.04 0.27 
Si K series 0.22 0.04 0.47 
Total  100.00  100.00 
  
Figure 5-5: EDS for arc-melted Ti-35Nb-4Sn with quenching 
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Some observation figure, 5-2, 5-3, 5-4 and 5-5 on both samples arc-melted Ti-35Nb-
4Sn before and after quenching was recorded and analysed. Some remarkable changes 
in elemental composition were observed after quenching the alloy. The observation 
was including the following: 
 
1) EDS results have shown some lead (Pb) contamination in samples without 
quenching but it has disappeared after quenching. The source of the 
contamination is thought to be in the sample preparation process. 
2) In addition, some aluminium (Al) formation was noticed with samples after 
quenching and it was not detected before quenching and it seems to be a result 
of polishing process of quenched sample. Also few peaks of α appeared after 
quenching and that could stem from the appearance of (Al), which has an α 
crystal structure.  
3) Besides that, silicon (Si) appeared on the quenched samples while it was not 
there on the alloy surface before quenching. It is thought to be because of the 
glass tube used to capsulate the quenched sample, or from the SiC grit paper 
used for polishing. As β stabilizing elements, Si was mainly formed in the β 
phase as long as the alloy include β phase. 
4) The niobium (Nb) and tin (Sn) content have not changed significantly with 
quenching as the there was no significant change in the alloy phase.  Some of 
the β peaks have reduced their intensity due to the thermal process the samples 
were subjected to, allowing further dissolution of Nb and Sn into the Ti alloy.  
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Figure 5-6: XRD Compare between arc-melted Ti-35Nb-4Sn before quenching and after quenching 
 
Based on the results of XRD for both samples (i.e. arc-melted Ti-35Nb-4Sn without 
quenching and with quenching) a change in structure occurred after quenching. The 
observations of the transformation is as follow: 
a) The arc-melted Ti-35Nb-4Sn sample before quenching  displays a beta (β) 
phase structure as shown in figure 5-6, while after heat-treatment for 12 hours 
and then quenching in iced water an extra phase (α’) is coupled with the  beta 
phase. 
b) There are two small peaks of (α’’) phase, which indicates this structure got 
trapped when the quenching took place. 
c) The intensity of the (β) phase for both samples before and after quenching has 
changed as it has higher value and intensity with sample before quenching 
while it reduced after quenching. 
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5.2.2 Sintered Ti-35Nb-4Sn Results 
In this section, results are presented for sintered Ti-35Nb-4Sn alloy samples before 
treatment and after heat-treatment and quenching to study the effect of this process 
on crystal structure and compare them to the arc-melted alloy. The results include the 
following: 
a)  DSC thermal analysis to understand the changes in phase transformation 
temperature. 
b)  XRD results to study the phase change in both samples and phase structure of 
each sample. 
c) EDS to study the effect of heat-treatment and quenching on elemental 
quantities and detect any contamination on the sample. 
Figure 5-7 presents the DSC results from the sintered alloys. 
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Figure 5-7:DSC results for Sintered Ti-35Nb-4Sn sample: (a) not quenched, (b) quenched from 500ᵒC, (c) quenched 
from  1200ᵒC 
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The DSC thermal analysis on sintered Ti-35Nb-4Sn samples before and after heat-
treatment shows changes in atomic structure of alloys, which result on changes in 
transformation temperature.  The changes include the following: 
a) Initial transformation temperature on the sintered sample without heat-
treatment is 123ᵒC on heating stage and 112ᵒC on cooling stage. 
b)  After heat-treatment for 1 hour at 500ᵒC and then quenched in iced-water, the 
transformation temperature has reduced to be 118ᵒC at heating and 107ᵒC on 
cooling. 
c) When increasing heat-treatment time to 12 hours at 1200ᵒC, transformation 
temperature is reduced to 104ᵒC on heating and 61ᵒC on cooling. 
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Figure 5-8: SEM results for Sintered Ti-35Nb-4Sn without quenching 
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Element Line Type Weight % Weight % Sigma Atomic % 
Ti K series 59.82 0.19 69.68 
Nb L series 34.31 0.17 20.59 
Sn L series 4.20 0.10 1.98 
C K series 1.67 0.18 7.75 
Total  100.00  100.00 
 
Figure 5-9: EDS results for Sintered Ti-35Nb-4Sn without quenching 
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Figure 5-10: SEM results for Sintered Ti-35Nb-4Sn with quenching 
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Element Line Type Weight % Weight % Sigma Atomic % 
Ti K series 59.08 0.19 65.89 
Nb L series 33.98 0.17 19.52 
Sn L series 4.07 0.10 1.83 
C K series 2.87 0.18 12.76 
Total  100.00  100.00 
 
Figure 5-11: EDS results for Sintered Ti-35Nb-4Sn with quenching 
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In figure 5-8, 5-9, 5-10 and 5-11, EDS results were presented for both sintered Ti-
35Nb-4Sn without quenching and samples without quenching. Some images of 
samples surfaces, elemental composition and percentage are included. The following 
observation of changes occurred on the sample: 
a) The quenched sample has little decrease in Nb and Sn intensity after quenching 
which can be considered negligible. 
b) Also, some carbon contamination was noticed in both sintered samples before 
and after quenching with little increase after quenching. 
c) No other contamination was noticed with sintered in both cases before and 
after heat treatment. 
 
Figure 5-12: XRD Comparison between sintered Ti-35Nb-4Sn before heat-treatment and  quenching and after 
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The XRD results presented in figure 5-12 show the phase structure for both samples 
sintered Ti-35Nb-4Sn without and with heat-treatment finalised with quenching. In 
general, the α’+β structure prior to treatment remains after the thermal process.  The 
observations are stated below:  
a) The intensity of the β phase grows in the sample after the heat-treatment e.g. 
intensity of peak at 54ᵒ, 70ᵒ and 94ᵒ.  
b) Some α’’  peaks appeared in the heat-treated and quenched sample, possible 
due to thermal stress. 
 
Mechanical testing was performed on both sintered and arc-melted Ti-35Nb-4Sn alloys 
with and without heat-treatment and quenching. Compression testing and 
nanoindentation techniques were employed. Results are shown in figures 5-9, 5-10 
and 5-11. In addition, table 5-1 presents the mechanical properties values. A summary 
of observation is below: 
a) The differences in the results from microcompression and nanoindentation are 
expected due to the different nature of the techniques, as explained in section 
3.3.3. 
b) The nanoindentation testing results for both sintered and arc-melted samples 
were almost the same values with small different between the two samples. 
c) Significant change in mechanical properties by compression testing after 
quenching in both sintered and arc-melted Ti-35Nb-4S occurs as Young’s 
modulus value dropped in sintering from 67.18 GPa to 47.78 GPa also in arc-
melted the young’s modulus dropped from 45.84 GPa to 35.07 GPa. 
d) The microhardness values increase when the samples are quenched. 
e) The compressive strength of the samples remains constant despite the thermal 
and quenching process. 
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Figure 5-13: Mechanical Testing results (a)Arc-melted Ti-35Nb-4Sn,(b) Sintered Ti-35Nb-4Sn 
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Figure 5-14: Nanoindentation for arc-melted Ti-35Nb-4Sn before and after quenching 
  
 
Figure 5-15: Nanoindentation for arc-melted Ti-35Nb-4Sn before and after quenching 
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Table 5-1: Mechanical Testing results for Ti-35Nb-4Sn alloy 
 Mechanical Testing 
Young's Modulus (GPa) 
Nanoindentation 
Young's Modulus (GPa) 
Microhardness 
(GPa) 
Compressive 
strength (MPa) 
Sintered NQ (no 
quenching) 
67.18 155.3 9.6 105.86 
Sintered WQ (with 
quenching) 
47.78 164.7 10.8 103.25 
Arc-melted NQ (no 
quenching) 
45.84 88.2 5.2 86.32 
Arc-melted WQ 
(with quenching) 
35.07 90.5 6.1 85.76 
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Chapter 6            Titanium Alloys  
 Introduction 
The aim of this chapter is to present work undertaken to design and manufacture Ti-
based alloys with a controlled crystal structure in an attempt to achieve tailored 
mechanical properties. The ܤ݋തതതത - ܯ݀തതതതത  diagram (94) was used as a guide to predict 
existent phases, or phase combinations, as these have been shown to impact on the 
mechanical performance of the alloys. The ܤ݋തതതത is the bond order that is a measure of 
the covalent bond strength between Ti and an alloying element. The ܯ݀തതതതത is the metal d-
orbital energy level of alloying transition-metal which correlates well with the 
electronegativity and the metallic radius of elements (94). The reported values of ܤ݋തതതത 
and ܯ݀തതതതത for each elemental component are listed in table (6-1) 
Table 6-1: ܤ݋തതതത-ܯ݀തതതതത values (94) 
Element Bo Md (eV) 
Ti 2.79 2.447 
Nb 3.099 2.424 
Sn 2.283 2.1 
Ta 3.144 2.531 
Mo 3.063 1.961 
 
After finding, the values of ܤ݋ − ܯ݀(ܸ݁)   the atomic weight of each element in each 
alloy were calculated and then total of ܤ݋തതതത-ܯ݀തതതതത in each alloy were calculated as shown 
in table (6-2). 
ܤ݋തതതത = ෍ ௜ܺ(ܤ݋)
௡
௜ୀଵ
 6-1 
ܯ݀തതതതത = ෍ ܺ௜(ܯ݀)
௡
௜ୀଵ
 6-2 
 
Where ܺ௜, is the atomic fraction of the ith component of the alloying elements (95).  
The calculated values of  ܤ݋തതതത-ܯ݀തതതതത  were plotted as shown in figure (6-1). 
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Table 6-2: ܤ݋തതതത-ܯ݀തതതതത calculation for all allloys 
Ti alloy %at 
    
Total 
Bo 
Total 
Md  
Ti Nb Sn Ta Mo   
Ti 35Nb 4Sn 75.639 22.360 2.000 
  
2.849 2.435 
Ti 65Ta 7Mo 57.512 
  
35.317 7.172 2.935 2.392 
Ti 35Nb 14Ta 70.117 24.792 
 
5.092 
 
2.885 2.446 
Ti 7Mo 5Sn 94.109 
 
2.156 
 
3.734 2.789 2.421 
Ti 49.7Nb 4.8Sn 62.293 35.057 2.649 
  
2.885 2.430 
Ti 7Mo 96.381 
   
3.619 2.790 2.429 
Ti 7Mo 7Sn 93.16 
 
3.058 
 
3.783 2.785 2.418 
Ti 7Mo 15Sn 89.102 
 
6.909 
 
3.989 2.766 2.404 
Ti 35Ta 87.532 
  
12.468 
 
2.834 2.457 
Ti 35Ta 7Sn 82.761 
  
13.211 4.028 2.848 2.439 
 
 
Figure 6-1: ܤ݋ഥ -ܯ݀തതത diagram with the attempted alloys in this study 
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To the ܤ݋തതതത - ܯ݀തതതതത  diagram presented in figure 6-1 the attempted alloys have been 
superposed and table 6-3 lists the alloys with the expected crystal structure (i.e. phase). 
Table 6-3: Ti-alloys with different structure 
Alloy Bo Md Expected Phase Heat-treatment 
Ti 35Nb 4Sn 2.84 2.43 β/α+β Y/N 
Ti 65Ta 7Mo 2.93 2.39 β Y 
Ti 35Nb 14Ta 2.88 2.44 β Y 
Ti 7Mo 5Sn 2.78 2.42 β+α/β (with  α’’) Y 
Ti 49.7Nb 4.8Sn 2.88 2.42 β Y 
Ti 7Mo 2.79 2.42 α’’ N 
Ti 7Mo 7Sn 2.78 2.41 β+α/β (with α’’) N 
Ti 7Mo 15Sn 2.76 2.40 α’ N 
Ti 35Ta 2.83 2.45 α’’ N 
Ti 35Ta 7Sn 2.84 2.43 α’’ N 
 
Once the alloys were designed, they were manufactured via arc melting (as described 
in section 3.2.3). One set did not undergo further treatment, but the other set was 
subjected to a heat-treatment regime of 1200ᵒC for 12 hours and quenched in ice-
water. Finally, they were rolled compressed (cold rolled-compressed) to final fracture. 
Their chemical composition and crystal structure were studied (XRD, SEM, EDS) and 
their mechanical properties characterised using the nanoindentation method. 
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 Ti Alloys Characterisation  
 
6.2.1 Ti-7Mo 
 
 
Figure 6-2: XRD for Ti-7Mo 
  
Figure 6-3: Nanoindentation for Ti-7Mo 
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The XRD results in figure 6-2 show that: 
1) The fabricated Ti-7Mo alloy shows only α’’ (with superposed α’ phase) on the 
entire sample with no signs of other phases within the sample. 
2) High intensity of the α’’ phase was found in (110) and (113) with other low 
intensity peaks. 
3) As it has been confirmed by XRD, the presence of α’’ phase  in this alloy with a 
small amount of α’ phase structure was notable on the surface of the etched Ti-
7Mo sample shown in figure (6-4). This was expected as per the addition of 7 
wt% Mo in this alloy, which did not promote β phase formation and therefore 
this phase was not observed in this alloy. 
 
Figure 6-4: Etched Ti-7Mo sample 
The nanoindentation test results shown in figure 6-3: 
1) From the graph the average Young’s modulus and the average hardness are 
94.73±1.11 GPa and 5.55±0.18 GPa respectively. 
2) The displacement in depth of the nanoindenter has occurred around 2292 nm 
as a maximum deformation on the surface at 500 mN. 
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6.2.2 Ti-7Mo-7Sn 
 
 
Figure 6-5: XRD for Ti-7Mo-7Sn 
 
 
Figure 6-6: Nanoindentation for Ti-7Mo-7Sn 
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The XRD results in figure 6-5 report that: 
1) The fabricated Ti-7Mo-7Sn alloy shows a combination of α’, α’+β phases with 
some small quantities of α’’ trapped in the structure with high intensity of β phase. 
2) High intensity of the β phase was found in (200) while α’ high intensity was at 
(101) with other low intensity peaks. 
3) Figure (6-7) of etched Ti-7Mo-7Sn and XRD results both show the presence of 
β phase which occurs  with the addition of Sn content 7 wt%, compared to 
binary Ti-Mo alloy previously shown. Figure (6-7) shows  α’’ and α’ phases 
noticeable on the surface within the β phase structure. 
 
Figure 6-7: Etched Ti-7Mo-7Sn sample 
The nanoindentation test results shown in figure 6-6: 
1) From the graph the average Young’s modulus and the average hardness are 
71.72±1.9 GPa and 4.84±0.18 GPa respectively. 
2) The displacement in depth of the nanoindenter has occurred around 1564 nm 
as a maximum deformation on the surface at 200 mN. 
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6.2.3 Ti-7Mo-15Sn 
 
 
Figure 6-8: XRD for Ti-7Mo-15Sn 
 
Figure 6-9: Nanoindentation for Ti-7Mo-15Sn 
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The XRD results presented in figure 6-8: 
1) The fabricated Ti-7Mo-15Sn alloy shows an α’ peak and a β peak of high 
intensity with trapped α’’. 
2) High intensity of the α’ phase was found in (002) and β at (310) peaks. 
3) The increase of Sn addition in the Ti-7Mo-15Sn alloy has resulted in a more 
stabilised β phase, hence the larger, flatter grains present in figure 11 and the 
large intensity peak in the XRD plot. This has derived in a softer alloy from a 
Young’s Modulus viewpoint, as the lower (compared to Ti-7Mo and Ti- 7Mo – 
7Sn) nanoindentation result shows.  Figure (6-10) of etched Ti-7Mo-15Sn alloy 
shows larger β phase structure containing both α’ and α’’ phase structure with 
small amounts. Although the theoretically expected phase was α’, this result is 
in agreement with the findings by other authors, in which Sn, although an α-
stabilising element in theory, can play a double role when mixed up with other 
β stabilising elements. 
 
Figure 6-10: Etched Ti-7Mo-15Sn sample 
The nanoindentation test results shown in figure 6-9: 
1) From the graph the average Young’s modulus and the average hardness are 
68.72±1.53 GPa and 5.07±0.21 GPa respectively. 
2) The displacement in depth of the nanoindenter has occurred around 1576 nm 
as a maximum deformation on the surface at 200 mN 
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6.2.4 Ti-35Nb-4Sn 
 
 
Figure 6-11: XRD for Ti-35Nb-4Sn 
 
 
Figure 6-12: Nanoindentation for Ti-35Nb-4Sn 
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XRD results shown in figure 6-11: 
1) The fabricated Ti-35Nb-4Sn alloy presents a combination of α’+β and α’phases 
with β being the dominant phase. 
2) High intensity of peaks (110) and (211) demonstrate the β dominance. 
3) Etched Ti-35Nb-4Sn alloy in figure (6-13) shows a clear boundary grain with a 
dominant β phase structure and an α’ phase inside the β phase area.. As the β-
stabilizing elements increased, the β phase area increased within the sample. 
 
Figure 6-13: Etched Ti-35Nb-4Sn sample 
The Nanoindentation test results shown in figure 6-12: 
1) From the graph the average Young’s modulus and the average hardness are 
88.22±1.6 GPa and 5.17±0.22 GPa respectively. 
2) The displacement in depth of the nanoindenter has occurred around 2292 nm 
as a maximum deformation on the surface at 500 MN. 
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6.2.5 Ti-35Ta 
 
 
Figure 6-14: XRD for Ti-35Ta 
 
Figure 6-15: Nanoindentation for Ti-35Ta 
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The XRD results shown in figure 6-14: 
1) The fabricated Ti-35Ta alloy shows only α’’ (with superposed α’ and β phase) 
on the entire sample. 
2) High intensity of the α’’ phase was found in (110), (113) and (201) peaks with 
other low intensity peaks. 
3) The etching on Ti-35Ta alloy, with a large amount of Ta element, a refractory 
metal softer than, for example, Nb, presented difficulties and extended damage 
on the surface under preparation. However, it was possible to evaluate the 
extension of an α’’ phase covering most of the surface on the sample while .  β 
and α’ phase structures also appeared in small amounts (figure 6-16). 
 
Figure 6-16: Etched Ti-35Ta sample 
The nanoindentation test results shown in figure 6-15: 
1) From the graph the average Young’s modulus and the average hardness are 
67.19±2.16 GPa and 4.48±0.23 GPa respectively. 
2) The displacement in depth of the nanoindenter has occurred around 1653 nm 
as a maximum deformation on the surface at 200 mN. 
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6.2.6 Ti-35Ta-7Sn 
 
 
Figure 6-17: XRD for Ti-35Ta-7Sn 
 
Figure 6-18: Nanoinentation for Ti-35Ta-7Sn 
 
 
                     Titanium Alloys  
 
121 
 
The XRD results in figure 6-17 show that: 
1) The fabricated Ti-35Ta-7Sn alloy shows α’’ (with superposed α’ phase) and a β 
high intensity peak in (110). 
2)  High intensity of the α’’ phase was found in (002) peak with other low intensity 
peaks. 
3) With the addition of Sn to the Ti-35Ta-7Sn alloy, the β phase increased and the 
size of the grains enlarged compared to the binary Ti-35Ta alloy. Also the 
presence of both α’’ and α’ phases have become more organised on the β 
structure surface as shown in figure (6-19). This is another case of Sn acting as 
a β stabiliser and consequently mechanical properties (i.e. Young’s modulus 
and hardness) being diminished rendering a softer alloy in the case of the 
ternary alloy, when compared to the binary one. 
 
Figure 6-19: Etched Ti-35Ta-7Sn sample 
The nanoindentation test results shown in figure 6-18: 
1) From the graph the average Young’s modulus and the average hardness are 
21.82±0.36 GPa and 0.66±0.02 GPa respectively. 
2) The displacement in depth of the nanoindenter has occurred around 3810 nm 
as a maximum deformation on the surface at 200 mN. 
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 Effect of Heat-treatment and Deformation on Ti-based Alloys 
In this section, five different alloys were fabricated using arc melting process and then 
all samples were subjected to homogenization process for two hours after that were 
sent for cold rolling until final fracture. The rolling process was performed as shown 
in table 6-4. 
Table 6-4: Cold rolled samples behaviour during rolling process 
Alloy Rolling % Comments 
Ti-65Ta-7Mo 98 Start at 4.00mm 0.3 mm reduce/pass failed at 3.1mm 
90 Start at 4.05mm 0.3 mm reduce/pass crack at 2.6mm fail at 2.3mm 
80 Start at 3.85mm 0.3 mm reduce/pass failed at 2.65mm 
Ti-35Nb-14Ta 98 Start at 4.05mm 0.3 mm reduce/pass failed at 2.8mm 
90 Start at 4mm 0.3 mm reduce/pass failed at 2.5mm 
80 Start at 4.05mm 0.3 mm reduce/pass failed at 3.1mm 
Ti-7Mo-5Sn 98 Start at 4.22mm 0.3 mm reduce/pass failed at 2.7mm 
90 Start at 4.35mm 0.3 mm reduce/pass failed at 3.1mm 
80 Start at 4.30mm 0.3 mm reduce/pass failed at 2.8mm 
Ti-35Nb-4Sn 98 Start at 4.15mm 0.3 mm reduce/pass failed at 2.95mm 
90 Start at 4.15mm 0.3 mm reduce/pass failed at 2.65mm 
80 Start at 4.05mm 0.3 mm reduce/pass failed at 3.15mm 
Ti-49.7Nb-
4.8Sn 
98 Failed at first pass 
90 Start at 5.4mm 0.3 mm reduce/pass failed at 4.20mm 
80 Start at 5.07mm 0.3 mm reduce/pass failed at 3.5mm 
70 Start at 5.20mm 0.3 mm reduce/pass failed at 3.7mm 
60 Start at 5.20mm 0.3 mm reduce/pass failed at 4.6mm 
50 Start at 5.30mm 0.3 mm reduce/pass failed at 4.1mm 
40 Start at 5.10mm 0.3 mm reduce/pass failed at 4.20mm 
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6.3.1 Ti-35Nb-4Sn  
Figure 6-20: XRD result for Ti-35Nb-4Sn before (BH)  and after heat-treatment (AH) 
 
The XRD results of the arc-melted Ti35Nb4Sn present a crystal structure modification 
to α’+β after heat-treatment and fracture. New α’ peaks are confirmed by studying the 
SEM on the fracture surface (Figure 6-21, Figure 6-22). Large grains typically of a β-
phase co-exist with laminar grains (α’-phase) and show narrow fault lines upon 
fracture. 
The EDS results (figure 6-23) show small amount of C and O which could have 
penetrated the material while the cold deformation took place.  
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Figure 6-21: Images and SEM scans for Ti-35Nb-4Sn large grains 
Figure 6-22: Images and SEM scans for Ti-35Nb-4Sn small grains 
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Large Grain 
 
Small Grain 
Figure 6-23: EDS result for Ti-35Nb-4Sn large grains and small grains 
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Figure 6-24: Nanoindentation for Ti-35Nb-4Sn 
 
The nanoindentation test results shown in figure 6-24: 
1) From the graph the average Young’s modulus and the average hardness are 
108.45±7.53 GPa and 6.75±0.83 GPa respectively. 
2) The displacement in depth of the nanoindenter has occurred around 1235 nm 
as a maximum deformation on the surface at 200 mN. 
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6.3.2 Ti-35Nb-14Ta  
 
Figure 6-25: XRD for Ti-35Nb-14Ta before and after heat-treatment 
The XRD results in figure 6-25 show that: 
a) Ti-35Nb-14Ta arc-melted alloy before any heat-treatment or rolling contains (β) 
phase structure only while there are no other peaks for other phases. 
b) Heat-treated Ti-35Nb-14Ta has developed more amounts of (β) phase peaks 
and the intensity of peaks has increased significantly compared to structure 
phase before homogenization and deformation. A small peak of (ω) phase was 
created due to the precipitation of this phase, most probably, at quenching stage. 
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Figure 6-26: Images and SEM scans for Ti-35Nb-14Ta large grains 
 
 
Figure 6-27: Images and SEM scans for Ti-35Nb-14Ta small grains 
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Large Grain 
Small Grain 
Figure 6-28: EDS for Ti-35Nb-14Ta large grain and small grain 
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Images and SEM-EDS results: 
1) There is a tearing between large grains boundary more than small grains 
boundary which has stronger boundary connection, typically of a compact 
crystal structure such as β. 
2) The grain shape throughout the sample revels the same, confirming a single β-
phase structure, as the SEM images show (figure 6-26,6-27). 
3) In Figure 6-28, large grains contain less Ti and more Nb and Ta than small grains 
as percentage of each element is shown in EDS graphs, in agreement with the 
expected β-phase composition. 
 
Figure 6-29: Nanoindentation for Ti-35Nb-14Ta 
 
The nanoindentation test results shown in figure 6-29: 
1) From the graph the average Young’s modulus and the average hardness are 
111.01±8.7 GPa and 7.37±0.71 GPa respectively. 
2) The displacement in depth of the nanoindenter has occurred around 1264 nm 
as a maximum deformation on the surface at 200 mN. 
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6.3.3 Ti-49.7Nb-4.8Sn  
 
Figure 6-30: XRD for Ti-49.7Nb-4.8Sn before and after heat-treatment 
 
From the XRD results in figure 6-30 it can be observed that: 
a) Ti-49.7Nb-4.8Sn arc-melted alloy contains (β) phase structure only while there 
are no other peaks for other phases. 
b) The grains in Ti-49.7Nb-4.8Sn alloys have almost the same structure as 
homogenised alloy with small peaks of (α’ and α’’) phase created duo to the cold 
deformation. 
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Figure 6-31: Images and SEM scans for Ti-49.7Nb-4.8Sn large grains 
 
 
Figure 6-32: Images and SEM scans for Ti-49.7Nb-4.8Sn small grains 
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Large Grain 
Small Grain 
Figure 6-33: EDS for Ti-49.7Nb-4.8Sn large grain and small grain 
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Images and SEM-EDS results: 
1) Images obtained from magnifier shows two different types of grains clearly as 
large size grains corresponding to β-phase and smaller, deformed grains, α’’-
phase grains in figures 6-31, 6-32. 
2) SEM scan shows the surface of small grains and large grains and the structure 
for both grains group has slight difference in the surface pattern. 
3) The small grains scans show more organized lines which also explain the phase 
were created on these grains during cold deformation process and on larger 
grains surface organized line also presented on most of large grain in the scan. 
4) Large grains contain more Ti and less Nb while Sn content almost equal quantity 
on small grains and large grains as percentage of each element is shown in EDS 
graphs in figure 6-33. 
 
Figure 6-34: Nanindentation for Ti-49.7Nb-4.8Sn 
The nanoindentation test results shown in figure 6-34: 
1) From the graph the average Young’s modulus and the average hardness are 
118.03±3.83 GPa and 7.17±0.34 GPa respectively. 
2) The displacement in depth of the nanoindenter has occurred around 1258 nm 
as a maximum deformation on the surface at 200 mN. 
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6.3.4 Ti-65Ta-7Mo  
Figure 6-35: XRD for Ti-65Ta- before and after heat-treatment 
 
The XRD results in Figure 6-35 show that: 
a. Ti-65Ta-7Mo arc-melted alloy contains (β) phase structure with high 
intensity before heat-treatment with one small peak of α’’- phase.  
b. After heat-treatment the amounts of (β) phase peaks and intensity of 
peaks have decreased in Ti-65Ta-7Mo alloy and the α’’- phase peak at 
35ᵒ has disappeared possibly due to homogenisation. 
c. There is a development of a small peak of (α’’) at 72ᵒ on large grains in 
Ti-65Ta-7Mo after deformation while the (β) phase peaks has decreased 
significantly compared to small grains and alloy before heat-treatment. 
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Figure 6-36: Images and SEM scans for Ti-65Ta-7Mo large grains 
 
 
Figure 6-37: Images and SEM scans for Ti-65Ta-7Mo small grains 
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Large Grain 
 
Small Grain 
Figure 6-38: EDS for Ti-65Ta-7Mo large grain and small grain 
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EDS results show some contamination from C which could arise from the cold 
deformation stage or surface environmental contamination 
Images and SEM-EDS results: 
1) In Figure 6-37, Figure 6-38 images obtained from magnifier shows the same 
type of grains throughout the structure large grains are typical of a β-phase 
structure. 
 
 
Figure 6-39: Nanoindentaion for Ti-65Ta-7Mo 
 
The nanoindentation test results shown in figure 6-39: 
1) From the graph the average Young’s modulus and the average hardness are 
102.02±6.05 GPa and 6.58±0.7 GPa respectively. 
2) The displacement in depth of the nanoindenter has occurred around 1270 nm 
as a maximum deformation on the surface at 200 mN. 
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6.3.5 Ti-7Mo-5Sn  
Figure 6-40: XRD for Ti-7Mo-5Sn 
 
The XRD results in Figure 6-40 show that: 
a. Ti-7Mo-5Sn Sn alloy presents a dominant β-phase structure co existing 
with an α’ phase.  
b. After heat-treatment and cold deformation the β-phase disappears and 
leaves a combination of α’+β phases including trapped α’’ phase 
probably from the deformation stage. 
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Figure 6-41: Images and SEM scans for Ti-7Mo-5Sn 
Figure 6-42: EDS for Ti-7Mo-5Sn 
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Images and SEM-EDS results: 
a. The structure of the surface of the alloys shows small lines distributed 
on different locations on the surface. 
b. Large grains demonstrate the failure of boundary but it is not clear 
enough.  
c. EDS results in figure 6-42 shows the elemental combinations of the 
sample with higher percentage of carbon. 
 
 
Figure 6-43: Nanoindentaion for Ti-7Mo-5Sn 
 
The nanoindentation test results shown in figure 6-43: 
1) From the graph the average Young’s modulus and the average hardness are 
133.72±3.01 GPa and 7.87±0.38 GPa respectively. 
2) The displacement in depth of the nanoindenter has occurred around 1201 nm 
as a maximum deformation on the surface at 200 mN. 
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6.4 Summary 
The results arising from this chapter can be summarised in the following table.  
Table 6-5: Ti-based alloys mechanical properties 
Alloy Heat-
treatme
nt 
Cold 
deforma
tion 
Expected 
Crystal 
Structure 
Actual Crystal 
Structure 
Young’s 
Modulus GPa 
Hardness GPa Reduction 
% at 
Failure 
Ti 35Nb 4Sn  
 
Yes CR β/α+β β/β+α 108.45±7.53 6.75±0.83 29.1 
Ti 65Ta 
7Mo  
Yes CR β β 102.02±6.05 6.58±0.70 29.8 
Ti 35Nb 
14Ta 
Yes CR β β 111.01±8.7 7.37±0.71 30.6 
Ti 7Mo 5Sn 
 
Yes CR β+α/β (with 
α’’) 
β+α/β (with 
α’’) 
133.72±3.01 7.87±0.38 33.2 
Ti 49.7Nb 
4.8Sn 
Yes CR β β 118.03±3.84 7.17±0.34 22.3 
Ti 35Nb 4Sn 
 
No No β/α+β β/β+α 88.22±1.61 5.17±0.22  
Ti 7Mo 
 
No No α’’ (with α’) α’’ (with α’) 94.73±1.11 5.56±0.18  
Ti 7Mo 7Sn  
 
No No β+α/β (with 
α’’) 
α+β /β (with 
α’’) 
71.72±1.89 4.84±0.18  
Ti 7Mo 
15Sn 
No No α’ α’ (with β and 
α’’) 
68.72±1.53 5.07±0.21  
Ti 35Ta 
 
No No α’’ α’’ 67.19±2.16 4.48±0.23  
Ti 35Ta 7Sn 
 
No No α’’ (with β) α’’ (with β) 21.82±0.35 0.66±0.02  
 
The information in table 6-5 show the expected phase and the actual phase of all the 
designed alloys and they were matching and than prove the success of the designing 
method used in this project. The obtained alloys has shown different phases within the 
alloys and this is good guide for future alloys design. The values of Young’s modulus 
were different for all alloys and that explains the multi phases of these alloys. 
Figure 6-44 present the phase transformation diagram for all alloys included in this 
study. 
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Figure 6-44: Phase transformation diagram for all alloys in this study 
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Chapter 7            Discussion  
7.1 Introduction 
This chapter compiles all results as appeared in the previous chapters and here they 
are discussed. The discussion will include porous titanium scaffolds, sintered and arc-
melted methods and titanium-based alloys. Each topic will be investigated separately 
going through the results and analyses of them while a comparison is made with 
literature. 
7.2 Engineered Porosity Titanium Scaffolds 
It is generally accepted that for hard tissue implants a tailored Young’s modulus is 
required (96). Porous Ti scaffolds with various pores sizes and porosity were 
fabricated using powder metallurgy with space holder technique with ammonium 
carbonate particles as space holder. Mechanical properties of porous titanium 
scaffolds were influenced by the porosity and pore characteristics such as shape of 
pores and size. The anisotropy of pores had a major influence on mechanical properties 
of any porous scaffolds (97). Two sets of porous Ti scaffolds were fabricated 55% and 
70% of porosity. From microscope images, Alicona images and SEM scans the pores 
distribution was fairly homogeneous within the scaffolds and each porosity % and 
pore size range affected the mechanical properties values (98). Because the nominal 
volumetric porosity is higher, there was more connectivity in the 70% porous material. 
The group of 55% porosity with a single range of pores sizes presented a Young’s 
modulus values between 16 GPa and 25 GPa and these values are similar to the cortical 
bone elastic modulus while the achieved compressive stress was around 179-274 MPa 
at yield point which also close to cortical  tissue (1).  The group with 70% of porosity 
obtained different values as 5.4-9.3 GPa for Young’s modulus and for compressive 
stress was within the range of 30-164MPa, and these values are suitable for bone 
implant specially Young’s modulus while compressive strength is very high. 
The samples with single pore size range exhibited the highest Young’s moduli of all 
sets, followed by the double pores size and the triple pores size. The random set 
possessed the lowest value of stiffness. This is a common result both in the nominal 
volumetric porosities 55% and 70%. The Young’s modulus values obtained from group 
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55% porosity are in agreement with other fabricated porous titanium scaffolds using 
the sintering process (67) or present an improvement compared to other Ti 
metallurgical specimens produced with same manufacturing technique (99).  
The group with 70% porosity presented a pore morphology similar to other porous Ti 
scaffolds produced with other manufacturing techniques such as 3D printing (100) 
which demonstrates the capability of the sintering technique to reache the desired 
porosity.  
This study has found out that similar values for stiffness (i.e. Young’s moduli) can be 
achieved for different pores size ranges. This is a major achievement because in this 
way different pores sizes can be studied independently from the Young’s moduli values. 
Having matched the stiffness value to that of bone, the optimum configuration for pore 
size which encourages cell regeneration can be studied (101). This is of great practical 
importance in biomedical applications.  
Some other porous Ti scaffolds were produced with a similar compressive strength 
values (67,102) to this study while other scaffolds have obtained smaller Young’s 
modulus values with same values of compressive strength (103). The samples with 55% 
percent had higher values in compressive strength compared to samples with 70% 
porosity for all samples with single pore sizes groups. When comparing samples with 
different ranges of pore sizes, the compressive strength values remained almost the 
same. This applies to both different porosity levels. This is another achievement of this 
research work because different levels of stiffness were achieved without a 
detrimental effect on the compressive strength of the porous scaffolds.   
A linear regression was established between the volumetric % porosity (P) and the 
Young’s moduli in all samples. The data was fit to a relationship of the form: 
ܧ = ܾ − ܽ ∗ ܲ 7-1 
 
The R2 values were calculated to assess the robustness of the regression. For the single 
pore size group the R2 values are larger than 0.9712 which shows the values are 
strongly controlled. The a values for the sets are: 1.295 for 45-106m, 1.002 for m, 
0.624 for 212-300m, and 0.867 for 300-500m. 
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In all cases the Young’s modulus value decreases with increasing porosity. This 
phenomenon has been observed by others researchers (104). The gradient is larger 
with sample pore size, which implies the stiffness of the sample can be easily 
manipulated by modifying the volumetric porosity using small pore sizes. For large 
pore sizes the mechanical properties are less sensitive to porosity change.  
For the double pore size group the a values fall in the range (0.527-0.871) with R2   
values larger than 0.924, which also shows a strong correlation in the dataset. For the 
triple pore size group the a values are (0.455-0.583) and R2 >0.9444.  
In agreement with the single set of porosity, the stiffness values are less sensitive when 
the average pore size is small. Finally, the random set of pore size presented the lowest 
a value in the linear regression which indicates that there is little control over the 
mechanical properties when the pore size is a broad range of values. Therefore, it can 
be concluded that the narrower distribution of pore sizes and the smaller the averaged 
pore size, the more controllable the mechanical stiffness is. This result is in agreement 
with other studies (105). 
In conclusion, mechanical properties can be illustrated precisely using linear 
regressions when pore size and/or porosity are different which make it an easy tool to 
produce and manipulate controlled mechanical properties based on biomedical 
implants needs. 
 
7.3 The influence of the manufacturing process for low stiffness Ti 
based alloys 
In this study samples of Ti-35Nb-4Sn alloy were fabricated employing two different 
manufacturing techniques (i.e. arc-melting and sintering process) to study the 
variation between these both techniques.  The samples were quenched after heating at 
1200ᵒC for 12 hours in iced water. An EDS study was carried out to confirm there was 
no contamination in the samples. To study the martensitic transformation 
temperatures, a DSC curve was obtained during thermal analysis to verify both 
martensitic and austenitic transformation on both cooling and heating. 
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For arc-melting samples without any heat-treatment a small peak appeared on the 
reverse transformation on heating with low intensity around 0.01 W/g at 126ᵒC while 
on subsequent cooling the peak was larger with intensity around 0.02 W/g and 
temperature at 114ᵒC. The peaks were of lower intensity than expected. There was 
other study of Ti-22Nb-1X where (X= Ta, Fe, Zr, Mo, Sn and Si) with DSC carried out for 
a complete transformation on both heating and cooling with difficulty to identify both  
peaks on reverse and forward transformation as a result of low enthalpy (106). 
Gonzalez et al. (107) have performed on Ti-Nb-Hf alloys and fabricated by arc-melting 
process and there was no martensitic transformation as a results of low enthalpy 
values. Also a quaternary alloy consist of Ti-Nb-Zr-Sn was fabricated using arc-melted 
technique, DSC  thermal analysis was carried out with heating and cooling and the 
phase transformation peaks was very weak compared to the NiTi shape memory alloy 
(108).  
The sintered samples fabricated in this study the DSC performance on both heating and 
cooling has shown two peaks on reverse transformation and cooling as it was 0.02W/g 
at 123ᵒC and 0.02 W/g at 112ᵒC respectively. There is a difference in the intensity of 
the different peaks but this seems to be a common phenomenon. Al-Zain et al. (32) 
have fabricated few binary Ti-Nb alloys and ternary alloys Ti-Nb-Mo with different Nb 
content of each alloy and run a thermal test. Starting by heating the samples until the 
phase transformation was completed and then cooled down at same rate, there was 
only a reverse transformation peaks in one of the alloys and in a another alloy both 
reverse and forward transformation were detected about 178ᵒC and 69ᵒC, respectively. 
It was also noticed that the forward transformation decreased and the reverse one 
increased with the %Nb increased within the alloy. The reason of getting high reverse 
transformation temperature to complete the transformation can be explained as 
follows: Ti based alloys get affected during aging process and isothermal omega phase 
form on the reverse β phase transformation (109). Adding different stabilizing 
elements will help in reducing reverse transformation temperature including elements 
such as Sn (108), Mo (32), Fe (110),    Ta (111), Zr (52), Si (112). 
In addition, this study has shown that the transformation temperatures can be reduced 
by thermal treatment. Ti based alloys martensitic transformation is unstable against 
quenching and/or heat-treatment (113). 
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For the arc-melted with heat treatment conditions there was a reverse transformation 
temperature at around 91ᵒC with higher intensity of 0.22 W/g and a cooling peak at 
50.3ᵒC while with sintered sample a reverse transformation temperature was around 
104ᵒC with intensity about 1.5 W/g and cooling peak at 61ᵒ/C with 0.05 W/g in 
intensity.  Other work by Ohmori et al. (114) has observed that if the alloy is held for 
short time at low temperature, i.e. 573K (~300ᵒC)  and high temperature, i.e. around  
873K (~600ᵒC), before quenching the alloy in iced water, the homogenization of 
microstructure and martensitic transformation within the alloy will be accelerated.  
In figure 5-6 XRD results show the difference in the phase structure of Ti-35Nb-4Sn 
alloy before and after heat treatment for arc-melted and sintered Ti-35Nb-4Sn 
respectively. In arc-melted Ti-35Nb-4Sn figure 5-6 before quenching, the XRD profile 
is predominantly of a single β phase with many peaks with high intensity especially at 
(110) and (211) and with no signs of other phases.  However when quenching, some α’ 
and α’’ appear. It is hypothesised that this is due to the stresses incurred in the sample 
during thermal treatment, i.e. quenching, which deforms the crystal structure. This 
result is in agreement with others’ reported in literature. In their study Zhang et al. (23) 
have fabricated a ternary alloy of Ti-Nb-Mo and in XRD profile different phases have 
appeared including include β and α” with small peak of ω phase within the alloy. When 
a Sn element was added to the alloy the β phase has increased with no signs of other 
phases in the XRD specially when Sn>3% which support our work. In addition, the Sn 
increase in alloy can lead to hardening development as it makes it hard for martensitic 
transformation to happen as mention in each study of Ishiyam et al. (115), Ozaki et al. 
(116) and Hu et al.(117).  
In sintered Ti-35Nb-4Sn figure 5-12, before heat treatment XRD profile has presented 
both α’ and β phases in the alloy. However, in alloy after quenching the both α’ and β 
phases has increased in intensity specially β phase in (110), (211) and (200) peaks 
while α’ phase has increased in (111) and (200) reflections. In addition, in quenched 
alloy several peaks of α” phase were identified in (110), (111), (131) and (203) peak 
and a single peak of ω phase was appeared in (001) peak. In the XRD profile all 
different peaks are present including β, α’, α” and ω. In titanium alloys the α” phases 
appearance is related to β stabilising element content within the alloys (118). Besides 
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that ω phase can be formed in β titanium alloys when a total transformation to α’’ has 
not been achieved during the quenching process (119). 
From the XRD results, the following conclusion about the alloy microstructure can be 
extracted. The β phase is more dominant after heat treatment. The α” phase 
appearance after quenching indicates that the alloy underwent thermal stress and 
trapped that deformed crystal structure. The presence of various phases including β, 
α’, α” after quenching provokes a softer behaviour as demonstrated by the mechanical 
properties result. The stiffness decreased for the quenched samples but the hardness 
increases, which indicates this is a transformation due to thermal stress. In addition, 
due to the content of Nb and Sn and the aging temperatures the formation of ω phases 
was expected. 
7.4 Titanium Based Alloys 
Ti based alloys were fabricated containing β and α stabilising elements, i.e. niobium 
(Nb), tantalum (Ta), molybdenum (Mo) and tin (Sn) by compacting elemental powder 
with uniaxial pressing and using arc-melting technique to produce alloys ingots. These 
stabilising elements were selected with certain composition percentage based on their 
effect on the phase transformation and microstructure of Ti-based alloys. Two 
different groups were produced and first group with following elemental combination: 
Ti-35Nb-4Sn, Ti-7Mo, Ti-7Mo-7Sn, Ti-7Mo-15Sn, Ti-35Ta, and Ti-35Ta-7Sn were 
tested and analysed after arc melting fabrication without any further heat treatment 
or processing. The second groups of alloys with following elemental combination: Ti-
35Nb-4Sn, Ti-49.7Nb-4.8Sn, Ti-35Nb-14Ta, Ti-7Mo-5Sn and Ti-65Ta-7Mo were 
subjected to further heat-treatment and cold deformation until fracture. Then tested 
and analysed. 
Studying the Ti based alloys with Mo and Sn the potential effects of these two 
stabilising elements are clear from XRD profile results and the nanoindentation test.  
When adding Mo only with 0% content of Sn the alloy XRD profile has presented α’’ 
martensite phase with superposed α’ phases only with no appearance of β phase, as 
explained by Kazuki Endoh et al. (22). Recently, Wei-dong Zang et al. have found that 
adding Mo to Ti above 3.2% only orthorhombic α’’ phase is presented in the alloy (26). 
Also it was found in different binary Ti-based alloys such as Ti-Mo, Ti-Ta, Ti-Nb etc. the 
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orthorhombic α’’ phase is the main phase of the alloys with no presence of hexagonal 
α’ phase within these alloys (120,121). When Sn content increased within the alloy at 
7% it has β phase stabilisation properties. The α’’phase intensity was reduced with the 
addition of Sn with α’ phases still showing in a small amount. By adding more Sn 
content (to 15%) it gave more β phase stabilising with one peak of  α’’phase and no 
peaks for α’ phase.  With (0-4%) Sn content added to Ti-Mo α’’ martensite phase was 
present and when increased to (6-8%) the β phase appeared. This explains the effect 
of Sn content on the appearance of β phase within the alloy (22). D.C. Zhang et al. (23) 
has found in their study that adding Sn content to Ti-7.5Nb-4Mo has increased the 
volume fraction β phase which led to an increase in the intensity of the peaks of β phase.   
In this study, increasing the Sn content to Ti-7Mo alloy has shown an effect on the 
elastic modulus and microhardness of the alloy as seen in figure (7-1). 
 
Figure 7-1: Sn content effect on elastic modulus and microhardness 
 
The Ti-7Mo alloy with 0% of Sn content has high Young’s’ modulus at 94.73±1.11 GPa 
when Sn increased to 7% and 15% the values were reduced to 71.72±1.89 GPa, 
68.72±1.53 respectively. The microhardness has shown different behaviour as with      
0% of Sn content the Ti-7Mo hardness was 5.56±0.18, when Sn content increased to    
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7% and 15% the values changed to go down at 4.84±0.18 and then up at 5.07±0.21 GPa. 
This effect is thought to be due to a strong slid-solution hardening effect (26). 
Furthermore, in this study, Ti based alloys Ti-35Ta and Ti-35Ta-7Sn with the same 
fabrication conditions were studied. The binary Ti-35Ta profile exhibits orthorhombic 
(α’’) structure with superposed (α’) similar to what Ying Long Zhou et al. have found 
in Ti binary alloy with Ta content from 30-50% which has orthorhombic (α’’) structure 
(24). The presence of different phases (α’’, α’’, β, and ω) within nonequilibrium Ti-Ta 
alloys is something usual (118,122-124). After increasing the Sn content to Ti-35Ta 
alloys with 7% Sn, a mixture of (β) phase and (α’’) was present in the alloy structure 
but the (α’’) became less intense compared to it before adding any Sn content. The (α’’) 
will decrease gradually with the increase of Sn content until it disappears (125).  The 
Young’s modulus and microhardness of Ti-35Ta were 67.19±2.16 GPa and 4.48±0.23 
GPa respectively, similar values obtained by Ying Long Zhou et al. (24).  While for Ti-
35 Ta-7Sn the values of the Young’s modulus and microhardness has been lowered to 
21.82±0.36 GPa and 0.66±0.02 GPa respectively, and that explains the effect of Sn 
addition. 
In this study several Ti-based alloys were fabricated with similar fabrication 
conditions and some of them have been subjected to heat-treatment and cold 
deformation until failure. The alloys fabricated were Ti-7Mo, Ti-7Mo-7Sn, Ti-7Mo-7Sn, 
Ti-7Mo-15Sn, Ti-35Ta, Ti-35Ta-7Sn, Ti-65Ta-7Mo, Ti-35Nb-14Ta, Ti-35Nb-4Sn and Ti-
49.7Nb-4.8Sn.  Some of the alloys were subjected to heat-treatment and cold 
deformation until failure to study the effect of both processes on the alloys.  The 
Young’s modulus values and microhardness of the deformed alloys have higher values 
compared to the ones without deformation as seen in table 6-3. 
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Figure 7-2: Ti-based alloys mechanical properties 
 
The DV-Xα cluster method was adopted by Moriaga et al. (126) to calculate the phase 
stability of Ti-based alloys. They considered the values of ܤ݋തതതത and ܯ݀തതതതത main parameters, 
where ܤ݋തതതത is the strength of the bonding between Ti and alloying elements and ܯ݀തതതതത is 
correlated with radius of elements and electronegativity (RW.ERROR - Unable to find 
reference:223). 
M. Abdel-Hady et al. (94) have used ܤ݋തതതത-ܯ݀തതതതത diagram to obtain corresponding relation 
between the phase stability and elastic properties. Figure 7-3 present different Ti-
based alloys with different crystal structure. The stability of different phases within 
these alloys depends on the alloy composition and volume contents of each alloying 
element. The expected and actual microstructures of each alloy fabricated in this study 
are summarized in table 6-3. There was a good correlation between the predicted 
crystal phase in each of the alloys and the obtained result. This probes that the 
hypothesis set in this study was correct. 
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Chapter 8           Conclusion 
This work was constructed of three different sections: a study on engineered porosity 
titanium scaffolds, a study of the influence of the manufacturing process for low 
stiffness Ti-based alloys and a study of different Ti-based alloys.  These three different 
sections were planned and organised to establish a protocol for the design and 
manufacturing of engineered porous Ti-based alloys. 
For the first section, the engineered porosity Ti scaffolds were fabricated using powder 
metallurgy and space holder techniques.  High pure and fine commercial titanium 
powder was used with ammonium bicarbonate as the space holder.  Green samples 
were produced by uniaxial pressing with 250 MPa and then vacuum sintered at 1200°C 
for 12 hours.  Two different groups were produced with nominal 55% porosity and 
nominal 70% porosity. Based on the space holder particle size divided into four ranges, 
(45-106, 106-212-212-300 and 300-500µm) with different ratio of mixture, the 
microstructure was studied and analysed. The fabricated samples were processed for 
measurements and mechanical testing.  With different pore size combinations, 
different values of yield strength and elastic modulus were obtained. As for 55% 
porosity Ti scaffolds, the values were for single pore size group 96-274 MPa and 16 to 
24 GPa, for double pore size group 137-170 MPa and 15-19 GPa, for triple pore size 
group 144-167 MPa and 15-17 GPa and for random pore size group 142-158 MPa and 
~ 10 GPa for yield strength and Young’s modulus respectively. For 70% porosity Ti 
scaffolds the values were for single pore size group 30-163 MPa and 5 to 9 GPa, for 
double pore size group 106-138 MPa and 9-10 GPa, for triple pore size group 95-127 
MPa and 8-9 GPa and for random pore size group 108-112 MPa and ~ 8 GPa for yield 
strength and Young’s modulus respectively.  
The obtained results of mechanical properties for pore size and porosity were within 
the values that match bone’s properties. This means these materials are suitable for 
biomedical application. 
In the second section, two Ti-35Nb-4Sn alloys were produced with two different 
manufacturing techniques (vacuum sintering and arc-melting methods).   
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Pure elemental powders of each element were added with desired weight percentage 
and then mixed thoroughly. After that, green samples were produced with uniaxial 
pressing with 250 MPa. Then one sample was manufactured by vacuum sintering at 
1200°C for 12 hours and the other one by arc-melting and flipped five time for 
homogenisation. Mechanical testing and characterisations for both samples were 
performed. The samples underwent further heat-treatment as they were homogenised 
in capsules tubes at 1200°C for 12 hours and then quenched in iced water by breaking 
the tubes. Different test and analysis were carried out to compare the result from the 
two techniques. The comparison was as follow: 
1) The DSC results has shown phase transformation temperature at arc-melted 
sample 126°C on heating and 114°C on cooling for sample before heat-
treatment while after heat- treatment 91.4°C and 50.3°C for both heating and 
cooling respectively. While for sintered sample 123°C and 112°C for both 
heating and cooling before heat-treatment and 104°C and 61°C for both heating 
and cooling after heat treatment. This demonstrates that modification of 
transformation temperatures can occur via post-thermal treatment. 
2) EDS results has presented arc-melted sample with very small amount of lead 
(Pb) before the heat treatment with no other contamination and after heat 
treatment small amount of aluminium (Al) and silicon (Si), whereas in sintered 
samples small amount of carbon (C) before heat-treatment and has increased 
after heat treatment. These amounts are very small, almost insignificant, which 
shows both manufacturing processes are reliable. 
3) Based on XRD results arc-melted sample has (β) phase structure only before 
heat treatment and small peaks of (α’’) phase after, while for sintered sample 
the α’+β structure prior to treatment and intensity of the β phase increased 
after treatment with some α’’  peaks appeared. This is thought to be caused by 
thermal shock in the quenching which has trapped the α’’ phase, presumably. 
4) In mechanical testing arc-melted sample has obtain lower values of Young’s 
modulus and yield strength on both cases before and after treatment compared 
to sintered one. This is because there is more β-phase in the structure of the 
arc-melting sample. 
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In conclusion, from the results obtained in this section the two different techniques 
have a different impact on the mechanical properties.  The characterisation of the 
Ti-based alloys helps to develop this material for its use in biomedical application. 
In the third section, Ti-based alloys were manufactured with arc melting method 
and some were then subjected to further treatment and cold deformation until 
fracture. Alloys under study were Ti-7Mo, Ti-7Mo-5Sn, Ti-7Mo-7Sn, Ti-7Mo-15Sn, 
Ti-35Ta, Ti-35Ta-7Sn, Ti-65Ta-7Mo, Ti-35Nb-4Sn, Ti-35Nb-14Ta and Ti-49.7Nb-
4.8Sn. Additions of different stabilising elements were investigated and their effect 
on the final microstructure of the Ti alloys as explained in results and discussion 
previously.  In this study, different Ti-based alloys with different microstructure 
and multi-phase were achieved. In addition, the changes in these alloys have 
reflected on controlling the mechanical properties of these alloys including Young’s 
and microhardness. The expected crystal structure matched those of the results. 
In conclusion to the third section of this work, the different effect of stabilising 
elements including niobium (Nb), Tantalum (Ta), Tin (Sn), and Molybdenum (Mo) 
were investigated. The effect of heat-treatment and cold deformation were also 
researched to obtain further changes into the Ti-based alloys. All the obtained 
results are useful for further studies and development.  
In this study, some of the limitations and obstacles including: the obtained porosity 
percentage was not 100 % as the nominal 55% and 75% and that has affected the 
result. Also, higher porosity can be achieved with sintering but the samples will lose 
its shape and partial destroyed and this case other fabrication techniques can be 
developed to achieve higher porosity design. Also, the open pores in the produced 
scaffolds needs to be increased to allow for more cells grow and movement within 
the fabricated scaffolds.  Combining both approaches of a Ti-alloys system with low 
phase transformation temperature and controlled amount of porosity will help to 
achieve an advanced biomedical material with more suitable mechanical 
properties for pone implants. 
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Chapter 9           Future Work  
 
This chapter emphasizes several points that will extend the area of development and 
continuity of this research focused on Ti-based alloys for biomaterial application 
stressing some of the factors including manufacturing techniques and alloying 
elements. These points are summarised as follow: 
1) In this study different stabilising elements were used to study the effect of their 
addition on the Ti-based alloys. Increasing the range of each alloying element 
used such as Tin (Sn) can help in covering more area of study of the effect of 
such element by changing the microstructure and phase transformation 
temperature. Besides that, different stabilising elements were not used in this 
study could be more useful for further investigation such as Aluminium (Al) and 
Zirconium (Zr). 
2) Appling more heat-treatment routines will extend the benefits on the 
manufactured alloys. For example, applying the heat treatment at different 
temperature ranges with longer duration (e.g. 500°C, 750°C, 1000°C, for 30 
mints, 60 mints, 120mins.etc) this will produce more results to compare. 
3) Hot deformation process can help in achieving higher effect on the Ti alloys as 
it will postpone the deformation, which will extend the range of study on the 
deformation factor on the microstructure of the alloy. 
4) Mechanical testing at a controlled temperature can produce more results from 
phase transformation effects to compare with other techniques used in this 
study such as DSC. 
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